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Abstract!$!!
Atherosclerosis$ is$ a$ focal$ inflammatory$ disease,$ non;uniformly$ distributed$ in$
regions$of$disturbed$flow$within$the$arterial$system.$The$local$accumulation$of$
lipids$ and$ inflammatory$ cells$ in$ these$ regions$ drives$ lesion$ initiation$ and$
progression$ into$ advanced$ plaques.$ Along$ with$ systemic$ risk$ factors,$ local$
haemodynamic$metrics,$such$as$wall$shear$stress$(WSS),$have$been$shown$to$be$
good$ correlates$ to$ plaque$ development.$ Few$ studies$ have$ investigated$ the$
relationship$ between$ mechanics$ and$ biology$ longitudinally$ over$ plaque$
development.$However,$conflicting$views$on$the$role$of$low$and$high$wall$shear$
stress$in$the$development$of$the$disease$remain.$Using$high;resolution$imaging$
and$novel$ techniques$ like$ 3;D$histology,$we$ seek$ to$ provide$more$ conclusive$
evidence$of$the$correlation$between$perturbed$haemodynamics$and$markers$of$
atherosclerosis$in$two$longitudinal$studies$in$different$animal$models.$
$
The$first$study$comprised$of$the$development$of$a$computational$workflow$to$
analyse$ co;localisations$ of$ selected$ disease$ markers$ with$ perturbed$ shear$
regions,$ induced$ in$ carotid$ arteries$ of$ ApoE;/;$ mice.$ Serial,$ in# vivo$ mouse;
specific$ haemodynamics$ were$ computed$ in$ micro;CT$ based$ geometries$ and$
coupled$with$plaque$distribution$spatially$mapped$on$the$in#vivo$lumen$at$each$
time$ point.$ Two$ novel$ haemodynamic$metrics$ and$ other$ established$metrics$
were$assessed$ to$ find$ the$best$predictor$of$ local$ areas$of$plaque$ formation.$A$
quantitative$analysis$revealed$plaque$lipids$and$macrophages$in$the$initial$stage$
of$ the$ disease$ best$ overlapped$ with$ our$ custom$metric,$ the$ low$ shear$ index$
(LSI),$ suggesting$ the$ importance$ of$ low$ shear$ in$ the$ initiation$ of$
atherosclerosis.$
$
In$ the$ second$ study,$ the$developed$workflow$was$ applied$ to$ correlate$plaque$
biology$ and$ mechanical$ metrics$ in$ transgenic$ hypercholesterolemic$ Yucatan$
minipigs.$ Lesions$ were$ induced$ by$ implanting$ a$ stenotic$ stent$ in$ one$ of$ the$$
coronaries,$and$in#vivo$haemodynamics$were$computed$in$OCT$based$coronary$
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reconstructions$ serially$ from$ healthy$ to$ advanced$ disease$ stages.$ Animals$
developed$advanced$human;like$atherosclerotic$lesions$in$regions$of$sustained$
low$ and$ oscillatory$ shear,$ induced$ by$ the$ stent.$Histology$ based$macrophage$
distribution$ showed$ good$ correlations$with$ the$ newly$ developed$metric,$ LSI,$
further$emphasising$the$importance$of$low$shear$in$atherogenesis.$
$
In$ conclusion,$ we$ have$ developed$ an$ integrated$ platform$ for$ high;resolution$
studies$of$plaque$mechanobiology.$Low$shear$was$the$best$correlate$to$markers$
of$atherosclerosis$in$two$animal$models,$quantified$by$our$novel$metric$–$LSI,$
which$ might$ be$ a$ good$ predictor$ of$ disease$ development.$ Additionally,$ this$
thesis$ shows$ the$ importance$ of$ longitudinal$ in# vivo$ studies$ of$ atherosclerosis$
and$contributes$ to$ further$understanding$of$ this$disease,$while$also$providing$
tools$that$can$be$further$extended$in$future$studies.$$$
$
$ $
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Cardiovascular! diseases! (CVDs)! are! the! leading! cause! of! mortality! globally,!
with! annual! death! rates! higher! than! any! other! cause! (Alwan! &! Alwan! 2011).!
CVDs! are! expected! to! remain! the! single! leading! cause!of!death!until! at! least!
2030!with! the!number!of! people!dying!mainly! from!heart!disease! and! stroke!
reaching! approximately! 23! million! (Mathers! &! Loncar! 2006).! In! the! United!
Kingdom,! CVDs! claim! the! lives! of! an! estimated! 124,000! people! annually!
costing!the!UK!health!care!system!approximately!£8.7!billion!(Plaitere!2013).!In!
2010,!almost!80,000!people!died!of!coronary!heart!disease!(CHD)!!and!around!
49,000! from! strokes! (Plaitere! 2013).! The! primary! underlying! cause! was!
atherosclerosis! (Pritchard,! 2014;! NHS! Choices,! 2014).! ! Thus,! the! need! for!
understanding! the! factors! involved! in! the! progression! of! atherosclerosis! is!
imperative!in!order!to!develop!early!preventive!and!diagnostic!approaches,!and!
new!treatment!methods,!aiming!to!significantly!reduce!the!number!of!deaths!
caused! by! CVDs,! subsequently! reducing! the! burden! of! this! disease! on! the!
healthcare! system.! ! This! chapter! introduces! the! disease! and! presents! it’s!
relevant!background.!
!
!
Atherosclerosis!is!an!inflammatory!disease!that!is!characterised!by!a!focal!build!
up! of! plaque,! consisting! of! cholesterol,! lipoproteins,! cellular!waste! products,!
calcium! and! other! substances,! in! the! inner! wall! of! mediumYsized! and! large!
systemic!arteries,!eventually!protruding!into!the!lumen!of!the!arteries,!leading!
to!a!stenosis.!!This!is!the!most!common!morphological!feature!of!an!advanced!
atherosclerotic! plaque! (Figure! 1).! ! ! As! the! severity! of! the! disease! increases,!
various!tissues!and!organs!could!be!affected!by!the!reduction!in!blood!flow!and!
oxygen! supply! (ischemia)! and! plaques! could! become! unstable! and! rupture!
prone.! When! the! plaque! ruptures,! the! plaque! components! come! in! direct!
contact! with! the! blood,! and! an! inflammatory! response! leads! to! a! thrombus!
formation,! partially! or! completely! occluding! the! artery.! In! the! coronary!
arteries,! this! leads! to!myocardial! infarctions! or! heart! attacks,!whereas! in! the!
carotid!arteries,!it!leads!to!embolism!or!stroke,!both!conditions!possibly!having!
fatal!outcomes.!!
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Figure!1:!Focal!narrowing!(stenosis)!indicated!by!red!arrows!seen!in!the!outer!walls!
of!the!internal!and!external!carotid!artery!of!a!patient!(adapted!from!Malek!et!al,!
1999).!
!
!
Atherosclerosis!has!been!believed! to!originate! in! adolescence!as! fatty! streaks!
(McGill!et!al.!2000;!D.!Velican!&!C.!Velican!1980),!although!not!all!fatty!streaks!
necessarily! mature! into! fibrous! plaques! or! raised! lesions! that! constitute!
atherosclerosis!(Mitchell!and!Schartz!1965).!Atherosclerosis!is!associated!with!a!
number!of!risk!factors!including!genetic!predisposition,!hypertension,!obesity,!
high! levels! of! lowYdensity! lipoproteins! (LDL),! low! levels! of! highYdensity!
lipoproteins! (HDL),! smoking,!diabetes!mellitus,! lack!of! exercise,! and! lifestyle!
among! others.! ! It! is! a! slowly! progressing! disease! which! does! not! present!
symptoms! until! the! advanced! stages! when! complex! atherosclerotic! plaques!
termed! atheromas! are! formed! (Stary! et! al.! 1994).! ! The! process! by! which!
atheromas!are!formed!is!known!as!atherogenesis.!!
!
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1.1###Atherogenesis!
!
The! initiation! phase! of! atherosclerosis! is! characterised! by! the! infiltration! and!
accumulation!of! lowYdensity! lipoproteins!(LDL)! into!the! first! layer!of! the!arterial!
wall,! known! as! the! intima,! promoting! an! inflammatory! response.!Under! normal!
circumstances,! LDL! molecules! are! circulated! by! blood! plasma! throughout! the!
vasculature!but! in!hypercholesterolemia,! they! travel! across! the! endothelium!and!
are!retained!in!the!intima!(C.!J.!Schwartz!et!al.!1993;!Tegos!et!al.!2001).!Within!the!
intima,! the! LDL! is! oxidised! (oxLDL),! resulting! in! endothelial! cell! activation!
thereby!increasing!the!expression!of!leukocyte!adhesion!molecules!(Hansson!et!al.!
2006).! Subsequently,! circulating! monocytes! and! lymphocytes! adhere! to! the!
activated!sites.!Monocytes!differentiate!into!macrophages!which!engulf!the!oxLDL!
giving!rise!to!foam!cells!with!intracellular!lipid!accumulation,!the!hallmark!of!early!
atherogenesis!(Aviram!1999;!Vilahur!et!al.!2006;!Bobryshev!2006).!Figure!2!shows!
the!series!of!events!in!the!process.!
!
In! the! later! stages,! these! foam! cells! undergo! apoptosis! leaving! behind!
extracellular! lipids! that! pool! into! a! larger! necrotic! lipid! core.! The! damaged!
endothelium! expresses! chemical! substances! like! cytokines,! which! promote!
smooth! muscle! cell! (SMC)! proliferation.! The! necrotic! core! is! gradually!
bounded! by! SMCs! and! collagen,! to! build! a! fibrous! cap! delineating! the! core!
from!the!endothelial!layer.!
The!encapsulated! lipid!pools,!or! complex!atherosclerotic!plaques,!now!called!
atheromas,! activate! an! enzymatic! mechanism! by! the! expression! of! proY
inflammatory!cytokines!and!matrix!metalloproteinases!(MMPs)!that!causes!the!
vessel! to!enlarge!over!time!(positive!remodeling)!(Glagov!et!al.! 1987)! .!MMPs!
are! known! to! specialise! in! degrading! components! of! the! subYendothelial!
basement!membrane!(Libby!2002).!Additionally,!they!regulate!the!remodeling!
of! the! extracellular! matrix! and! the! migration! of! macrophages! and! smooth!
muscle! cells,! which! are! involved! in! the! process! of! vascular! remodeling! and!
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neointimal! formation! (Wentzel! et! al,! 2003).! Finally,! when! the! vessel! wall!
remodeling!is!no!longer!capable!of!compensating!for!plaque!growth,!it!extends!
into!the!luminal!crossYsection!causing!a!stenosis!which!would!eventually!lead!
to!clinical!symptoms!(Stary!1992).!!
!
!
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Figure!2:!Development!of!atherosclerosis:!LDL!molecules!circulating! in!the!blood!
stream! infiltrate! into! in! intima! where! they! are! oxidised! forming! modified! LDL,!
causing! endothelial! activation.! Dysfunctional! endothelium! expresses! cellular!
adhesion!molecules!like!VCAM!and!ICAM,!selectins!and!chemokines!which!attract!
circulating! monocytes.! Monocytes! are! recruited! to! the! inflammatory! site! and!
differentiate!into!macrophages!to!digest!the!modified!LDL,!further!expressing!proY
inflammatory! cytokines! leading! to! smooth! muscle! cell! (SMC)! proliferation! and!
further!monocyte!recruitment.!Macrophages!begin!to!uptake!oxLDL!molecules!and!
turn! into! cholesterol! laden! foam! cells.! The!macrophages! continue! to! proliferate!
within! the! intima,! sustaining! and! amplifying! the! inflammatory! process! by!
expressing! growth! factors! and! cytokines,! including! enzymes! such! as!MMPs! and!
procoagulant! tissue! factor! (TF)! that! degrade! the! extracellular! matrix! proteins,!
making! the! plaque’s! fibrous! cap! unstable.! The! macrophages! are! eventually! no!
longer! able! to! further! digest! cholesterol,! leading! to! apoptosis! with! further!
expression! of! pro! inflammatory!molecules! and! the! accumulation! of! lipids! inside!
the! atheroma.! Eventually,! the! plaque! growth! leads! to! destabilization! which! can!
lead!to!ruptures,!forming!a!thrombus!in!the!artery!leading!to!strokes!or!myocardial!
infarctions!(Figure!adapted!from!(Glaudemans!et!al.!2010)).!
! !
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1.2$Vulnerable$Plaque!
!
!
Although!with!current!techniques! it! is!not!possible!to! identify!the!atheromas!
which! will! eventually! lead! to! the! clinical! symptoms,! there! have! been!
histological! characteristics! which! have! been! known! to! be! associated! with!
plaques! prone! to! rupture,! termed! vulnerable! plaques! or! thinYcap!
fibroatheromas! (TCFAs).! The! various! stages! of! atherosclerotic! plaque!
development!have!been!categorised!by!the!American!Heart!Association!(AHA),!
as!explained!by!Stary!et!al!(Stary!et!al.!1994;!Stary!et!al.!1995;!Stary!2000).!There!
are!three!types!of!early!lesions!and!three!types!of!mature!late!lesions,!which!are!
more! accurately! defined! by! Virmani! et! al! (Virmani! et! al.! 2000).! Among! the!
plaques,! the! “vulnerable! plaque”! falls! in! the! category! IV! and!Va! in! the!AHA!
classification!system!and!the!morphological!characteristics!are!shown!in!figure!
3.!The!concept!of!the!vulnerable!plaque!or!TCFA!has!a!different!meaning!when!
faced!from!the!clinical!and!the!histopathological!point!of!view.!In!the!clinical!
field,! the! vulnerable! plaque! is! the! lesion!with! a! high! risk! of! thrombosis! and!
rapid! progression,! leading! to! acute! coronary! syndrome! (ACS)! or! ischemic!
stroke! (Schaar! et! al.! 2004)! regardless! of! the! plaque! composition.! In!
histopathological!terms,!a!vulnerable!plaque!is!characterised!by!features!such!
as! a)! a! large! necrotic! lipidYrich! core,! b)! a! thin! fibrous! cap,! c)! an! increased!
concentration!of!macrophages!and!foam!cell!content!at!the!plaque!shoulders,!
d)! reduced! collagen! and! smooth! muscle! cell! (SMC)! content! e)! expansive!
vascular!remodeling!and!f)!neovascularisation!g)!intraplaque!hemorrhage!and!
(h)!spotty!calcifications.!!(Naghavi!et!al,!2003).!
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!
Figure! 3:! The! characteristics! of! a! vulnerable! plaque! –! the! key! features! being! the!
large! lipid! pool! (necrotic! core)! and! the! thin! fibrous! cap! infiltrated! with!
macrophages! protecting! the! endothelium! on! the! luminal! surface! from! the!
underlying!inflammation.!Rupture!of!the!fibrous!cap!leads!to!thrombus!formation!
which!could!completely!block!the!artery!causing!myocardial!infarctions!or!strokes.!
Other! characteristics! of! the! ruptureYprone! plaque! shown! are! the! expansive!
remodeling! of! the! arterial! wall,! calcifications,! internal! haemorrhage! and!
neoangiogenesis!(Figure!adapted!from!Vancraeynest!et!al,!2011).!
!
!
!
!
!
!
!
!
!
!
!
!
!
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1.3$$!Key$Components(of(the(Vulnerable(Plaque!
!
The!most!prominent!features!of!the!vulnerable!plaque!are!the!large!necrotic!lipid!
core,!protected!from!the!flowing!blood!by!a!thin!fibrous!cap!usually!infiltrated!with!
inflammatory! cells! like! macrophages.! These! plaques! are! also! associated! with!
expansive! vascular! remodelling.! The! following! section! further! discusses! these!
features.!
!
1.3.1!!!Necrotic!Lipid!Core!!
!
!
The!most!identifiable!morphological!component!of!the!vulnerable!plaque!is!a!
large,!soft,!eccentric!lipid!core!which!occupies!approximately!a!quarter!of!the!
plaque! area! (Virmani! et! al.! 2006).! It! is! an! avascular! and!hypocellular! region,!
which! is! composed! of! cholesterol! esters! and! free! cholesterol! that! has!
accumulated!either!due!to!the!infiltration!of!LDL!through!the!arterial!wall!or!
due!to!the!apoptosis!of!macrophages!and!foam!cells.!It!also!contains!oxidised!
lipids!and!is!permeated!with!macrophage!derived!tissue!factor!which!makes!it!
highly! thrombogenic! when! exposed! to! flowing! blood! (Vilahur! et! al.! 2006).!
Furthermore,! it!has!been! shown!by!Loree!et! al! (Loree!et! al.! 1992)! that! larger!
lipid!cores!can!cause!destability!in!the!plaque!by!increasing!the!circumferential!
stress! on! the! shoulders! of! the! plaque,! the! region! where! over! 60%! of! the!
plaques!rupture!as!shown!by!Huang!et!al!(Huang!et!al.!2001).!!
!!!
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1.3.2!!!Fibrous!Cap!and!Macrophages!
!!
In! addition! to! the! large! necrotic! lipid! core,! a! thin! fibrous! cap! covering! the!
plaque,!infiltrated!by!macrophages!is!a!key!feature!of!the!vulnerable!plaque!(or!
TCFA).! The! fibrous! cap,! acting! like! a! barrier,! separating! the! plaque!
components! from! the! flowing! blood! in! the! diseased! vessel! is! primarily!
composed!of! SMCs,! elastin,! collagen,! proteoglycans! and! extraYcellular!matrix!
(ECM).!Typically,! it! is! thicker,! less! cellular! than! the!normal! intima,! found! in!
atherosclerotic!plaques! (Hansson!&!Libby! 2006).!However,! as! atherosclerosis!
progresses! into! advanced! stages,! macrophages,! foam! cells! and! lymphocytes!
infiltrate! the! fibrous!cap,!making! it!unstable!and!predisposing!the!plaques!to!
rupture!(Tearney!2002).!Fibrous!caps!of!vulnerable!plaques!are!thin,!have!fewer!
SMCs,!less!collagen!and!ECM!components!as!compared!to!the!stable!and!intact!
plaques! (Gorenne! et! al.! 2006).! The! fibrous! cap! thickness! as! a! measure! of!
plaque! vulnerability! is! now! well! defined! to! be!<!65! µm! by! Virmani! et! al! as!
findings!suggested!that!over!95%!of!the!fibrous!caps!measured!less!than!64!µm!
within! a! limit! of! just! two! standard! deviations.! A!mean!measurement! of! cap!
thickness!from!a!large!number!of!ruptured!plaques!was!23!+!19!µm!(Virmani!et!
al,!2003).!
Macrophages!are!phagocytic!cells!that!are!derived!from!monocytes!circulating!
in! the! blood! stream.! Their! function! is! in! the! innate! and! acquired! immune!
responses,! responsible! for! maintaining! tissue! homeostasis! (Hansson! 2002).!
They!also!play!a!key!role!in!the!remodeling!of!the!ECM!and!in!the!proliferation!
of!SMCs!in!wound!repair.!!A!large!body!of!evidence!also!suggests!that!they!play!
a!key! role! in! the!pathogenesis!of! atherosclerosis.! In!atheromas,!macrophages!
and! lymphocytes! infiltrate! throughout! the! lesion! but! are! most! abundantly!
observed!in!the!shoulders!of!the!plaque!and!the!interface!between!the!fibrous!
cap!and!the!necrotic!lipid!core!(Hansson!et!al.!2006).!As!mentioned!earlier,!the!
infiltrated!macrophages!are!responsible!for!the!uptake!of!the!oxLDL,!leading!to!
the!accumulation!of!LDL!derived!cholesterol!and!the!formation!of!foam!cells.!
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The!activated!macrophages!release!a!number!of!proYinflammatory!mediators,!
including!reactive!oxygen!species!leading!to!further!lipoprotein!oxidation!and!
cytotoxicity! (Hansson! et! al.! 2006).! Furthermore,! the! activated! macrophages!
secrete!a!host!of!enzymes!such!as!the!MMPs!which!degrade!the!ECM!proteins,!
attack! the! collagen! in! the! cap! and! inhibit! the! formation! of! stable! plaques,!
leading!to!plaque!instability!and!greater!risk!of!plaque!rupture!and!thrombosis!
(Hansson!2005;!PK!et!al.!1995).!!
Since!lipids!and!macrophages!are!involved!from!the!initial!fatty!streak!stage!to!
plaque! rupture! (Guyton! &! Klemp! 1996)! and! the! biology! of! macrophages!
assumes! critical! importance! in! plaque! stability,! it! is! vitally! important! to!
understand! the! progression! of! the! lipid! core! and! distribution! of! the!
macrophages! with! disease! development.! This! would! facilitate! a! deeper!
understanding!of!plaque!growth!and!assist!in!improving!the!risk!assessment!of!
a!plaque!rupture!in!the!future.!
!
1.3.3!!!Vascular!Remodeling!!
!
Another!important!characteristic!feature!of!the!vulnerable!plaque!is!the!occurrence!
of! positive! or! expansive! remodelling,! a! process! of! compensatory! enlargement! of!
the!arterial!wall!in!response!to!local!atherosclerotic!plaque!formation!(Schaar!et!al,!
2004).! This! phenomenon! was! first! demonstrated! by! Glagov! et! al! in! human!
coronary! arteries,! as! a! mechanism! to! maintain! the! lumen! diameter! constant! in!
areas! where! plaques! were! developing! in! the! arterial! wall! (Glagov! et! al,! 1987).! A!
consistent!increment!in!blood!flow!leads!to!an!increase!in!arterial!diameter,!while!
luminal! narrowing! occurs! when! the! flow! is! significantly! reduced.! This! flow!
mediated!response!of!the!arterial!wall!is!a!fine!balance!between!matrix!degradation!
and!synthesis,!regulated!by!matrix!producing!cells!such!as!VSMCs!and!fibroblasts,!
and!the!matrix!degrading!proteases,!such!as!the!MMPs!and!cathespins!(Wentzel!et!
al,! 2012).! Typically! in! a! vulnerable! plaque! with! expansive! remodeling,! such! a!
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structural!adaptation!of!the!vessel!wall!attenuates!the!flowYlimiting!potential!of!a!
developing! plaque,! but! could! render! the! plaque! to! be! ruptureYprone! due! to! the!
increasing! stresses! on! the!wall! and! is! considered! a! surrogate!marker! of! ruptureY
prone! or! vulnerable! plaques! (Davies! 1995,! Falk! 2006).! However,! although!
vulnerable! plaques! or! TCFAs! are! associated! with! expansive! remodelling! and!
obstruct! the! lumen! by! less! than! 50%,! a! substantial! portion! of! ruptureYprone!
plaques!are!also!found!to!be!obstructive!(Wentzel!et!al,!2012).!The!factors!involved!
in!deciding!the!remodeling!response!of!arteries!are!not!completely!understood,!but!
wall! shear! is! known! to! play! a! significant! role! in! the! process! of! mainting! the!
integrity!of!the!arterial!wall,!as!discussed!in!section!1.5.2.!
 !
!
!
1.4$Animal$Models$of$Atherosclerosis!
!
For! centuries,! animal! models! have! been! used! to! greatly! increase! our!
understanding! of! a! number! of! diseases! like! cancer,! diabetes! and!
atherosclerosis! to!name!a! few.!The!use!of! laboratory!animals! is! imperative! in!
deepening!our!knowledge!in!disease!mechanisms,!development!of!new!drugs,!
pharmaceutical!treatments,!medical!devices!and!imaging!techniques!and!tools.!!
In! the! field! of! atherosclerosis,! a! range! of! small! and! large! animal! species! has!
been! used,! including! mice! (Nakashima! et! al.! 1994),! rats! (Joris! et! al.! 1983),!
rabbits!(Booth!et!al.!1989),!dogs!(Liu!et!al.!1986),!pigs!(Hamamdzic!&!Wilensky!
2013)!and!nonYhuman!primates!(Portman!&!Andrus!1965).!However,!as!animal!
research!has!been!regularised!over!the!years,!mice!and!pigs!have!become!the!
small! and! large! animal! models! of! choice! for! atherosclerosis! research!
respectively.! Although! these! animal! models! have! widely! contributed! to! the!
evolution! of! knowledge! pertaining! to! atherosclerosis,! no! animal! model! is!
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perfect! for! replicating! complex! disease! mechanisms! of! humans.! But! the!
development!of!animal!models!to!replicate!human!diseases!seem!warranted!by!
the!need! for! understanding! the! biology! and!mechanisms! involved! in! various!
disease!development.!The!advantages!and! limitations!of! these!animal!models!
are!discussed!here.!
!
Mice!have!a!cardiovascular!system!very!similar!in!structure!and!anatomy!to!the!
human!cardiovascular!system.!It!is!however;!a!smaller!and!faster!system!with!a!
mouse!heart!beat!reaching!about!500Y600!beats!per!minute.!The!murine!aortic!
arch! breaks! into! 3! branches,! the! brachiocephalic! artery! leading! to! the! right!
common! carotid! artery! (RCCA),! the! left! common! carotid! artery! (LCCA)! and!
the! left! subclavian! artery.! The! average! diameters! of! the! carotid! arteries! are!
approximately! 500Y600!µm,! as! compared! to! ~6!mm! for! humans,! an! order! of!
magnitude! smaller.! Allometric! arguments! suggest! that! the! haemodynamic!
parameters! in!mice! will! be! different! to! those! in! humans! due! to! their! lower!
body! mass,! and! that! wall! shear! stresses! will! be! 20! times! those! in! humans!
(Weinberg! &! Ross! Ethier! 2007).! However,! local! haemodynamics! affects!
atherogenesis!in!mice!just!as!in!humans.!
!
The!primary!advantages!of!the!mouse!model!for!the!study!of!atherogenesis!is!
the! relatively! low! cost! of! purchase! and! maintenance,! the! ease! of! genetic!
modifications,! breeding! colonies! and! the! relatively! shorter! time! frame! of!
monitoring!disease!development!(Getz!&!Reardon!2012).!They!also!have!a!short!
life! span,! which! allows! for! longitudinal! research! to! be! carried! out! and! their!
short!gestation!period!(21!days)!allows!a!quick!generation!time!of!two!months.!
In! addition! to! the! general! advantages! of! using!mice! in! biomedical! research,!
they! also! generate! a! range! of! atherosclerotic! lesions! as! seen! in! humans,!
although! plaque! rupture! that! leads! to! acute! cardiovascular! events! is! not!
reliably!exhibited!(Daugherty!2002).!!The!most!commonly!used!murine!models!
of!atherosclerosis!are!the!genetically!modified!Apolipoprotein!E!(ApoEY/Y)!and!
the!lowYdensity!lipoprotein!receptor!(LDLRY/Y)!knockout!models.!!In!this!study,!
we!have!selected!the!ApoEY/Y!mouse!model!of!atherosclerosis!fed!a!Western!diet!
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fitted!with!a!flowYmodifying!cuff!around!the!left!carotid!artery.!As!Cheng!et!al!
have! demonstrated,! the! cuff! alters! local! haemodynamics! affecting! plaque!
progression! and! vulnerability.! This! led! to! two! distinct! plaque! phenotypes,! a!
stable!plaque!formed!in!regions!of!oscillatory!flow!while!a!TCFA!or!vulnerable!
plaque!formed!in!regions!of!low!flow!(Cheng!2006).!!
!
The! ApoEY/Y! mouse! model! was! selected! as! our! model! of! choice! for! three!
reasons.!Firstly,!atherosclerotic!lesion!formation!and!progression!in!these!mice!
is!comparable!to!humans!(Nakashima!et!al.!1994).!Next,!plaques!have!most!of!
the! characteristic! features! of! the! human! vulnerable! plaque! mentioned! in!
section! 1.2.,! particularly! the! lipid! necrotic! core,! a! thin! fibrous! cap,!!
inflammation!and!infiltration!of!macrophages! in!the!fibrous!cap!and!vascular!
remodeling.!Finally,! the!progression!of! lesions! in! this!mouse!strain!appear! in!
predilected!sites! in! the!vascular! tree,! such!as! the!aortic! root,!branches!of! the!
aorta!and!brachiocephalic!artery,!as!well!as!the!carotid!arteries,!and!have!been!
well!characterised!during!feeding!of!normal!and!highYfat!diets!(Nakashima!et!
al.!1994,!Daugherty!2002).!However,!the!disadvantages!of!this!mouse!model!in!
replicating! certain! aspects! of! the! human! vulnerable! plaque! should! be!
acknowledged.!There!is!generally!a!lack!of!spontaneous!coronary!artery!disease!
in! this! mouse! model.! Also,! the! presence! of! calcifications! and! spontaneous!
plaque! rupture! leading! to! luminal! thrombosis,! neovascularization! in! the!
vulnerable!plaques!are!rarely!observed! in!the!mouse!model!of!atherosclerosis!
(Schwartz!et!al,!2007,!Getz!and!Reardon,!2012).!!
!
Porcine!models!of!atherosclerosis!have!several!advantages!over!mouse!models.!
Pigs! are! genetically! and!physiologically! closer! to!humans,!with! a! similar! size!
and! structure! of! the! cardiovascular! system.! ! In! comparison! to! the! mouse!
models!of!atherosclerosis,!pig!models!tend!to!develop!atherosclerotic!plaques!
that!are!morphologically!and!pathologically!highly!similar! to!human!plaques,!
have!humanYlike!lipid!profiles,!and!form!lesions!in!vascular!sites!like!the!aortic!
arch,! coronary! arteries,! carotid! and! iliac! bifurcations,! as! seen! in! humans.!
Advanced!lesions!have!been!observed!in!coronary,!iliac!and!femoral!arteries!of!
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hypercholesterolemic! pig! models.! Elderly! pigs! spontaneously! develop!
atherosclerosis! (Hamamdzic! &! Wilensky! 2013).! Gerrity! et! al! demonstrated!
complex!humanYlike!coronary!plaques,!with!a!thinned!fibrous!cap,!a!necrotic!
lipid! core,! calcification! and! internal! haemorrhaging! in! diabetic!
hypercholesterolemic! pigs,! demonstrating! humanYlike! vulnerable! plaques!!!
(Gerrity!et!al.!2001).!Neovascularization!and!vascular!remodeling!has!also!been!
demonstrated! in! pig!models! of! atherosclerosis.! Furthermore,! the! pig! is! large!
enough! for! performing! noninvasive! measurements! and! for! harvesting!
sufficient!arterial!tissue!for!analysis!(Getz!&!Reardon!2012).!More!importantly,!
the! safety! and! efficacy! of! devices! under! development! for! intracoronary!
applications,! like!novel! imaging!tools!or!stent!technologies,!are!best!tested!in!
porcine! coronary! arteries.! Finally,! the! study! of! haemodynamics! and! related!
parameters! in! porcine! coronary! arteries! is!more! relevant! and! translatable! to!
the!human!system.!!
However,!the!major!disadvantages!of!larger!animal!models!such!as!pigs,!is!the!
cost! associated! with! purchasing,! feeding! and! maintaining! pigs! at! the! high!
standard! of! modern! animal! husbandry! conditions.! Finally,! the! time! scale! of!
complex!lesion!formation!is!longer!than!in!mice.!!
!
Over! time,! there! have! been! a! number! of! porcine! models! of! accelerated!
atherosclerosis! that! have! been! developed,! like! the! induced! diabetic/!
hypercholesterolemic! (DM/HC)! swine! model,! the! LDL! receptor! knockYout!
model!(or!Rapacz!pig),!the!recently!developed!PCSK9!gainYofYfunction!mutant!
cloned! pig! and! the!Ossabaw!metabolic! syndrome!model,! each! of!which! had!
their!advantages!and!disadvantages!as!reviewed!by!Hamamdzic!and!Wilensky!
(Hamamdzic!&!Wilensky!2013).!
!
Our!model! of! choice! in! the! second!part! of! this! thesis! is! the!PCSK9!GainYofY
function! mutant! pig! model,! which! was! bred! and! maintained! by! our!
collaborators! in! Aarhus! University! Hospital! Skejby! in! Aarhus,! Denmark.!!
Mashhadi! et! al! created! this! Yucatan! minipig! model! of! familial!
hypercholesterolemia!by!DNA!transposition!of!human!D374YYPCSK9!gainYofY
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function!mutant!(AlYMashhadi!et!al.!2013).! !This!mutation!in!the!gene!causes!
severe! autosomal! dominant! hypercholesterolemia! and! early! development! of!
atherosclerosis! in! humans! (Hamamdzic! &! Wilensky! 2013).! The! minipigs,!
placed!on!a!highYfat,!highYcholesterol!(HFHC)!diet!have!been!shown!to!display!
reduced! LDL! receptor! levels,! impaired! LDL! clearance,! severe!
hypercholesterolemia! and! the! spontaneous! development! of! humanYlike!
atherosclerotic! lesions! in!multiple! vascular! beds.! The! histological! analysis! of!
plaques,! observed! at! 46!weeks,! displayed! fibroatheromas!with! characteristics!
resembling! human! plaques,! including! the! necrotic! core! formation,! fibrous!
tissue,! calcification,!plaque!angiogenesis!and! intraplaque!haemorrhage! in! the!
left! anterior! descending! coronary! artery.! In! addition,! there! was! a! 1.8Yfold!
increase!in!atherosclerosis!formation!as!compared!to!the!wildYtype!males!(AlY
Mashhadi!et!al.!2013).!Other!advantages!of!this!model!include!the!limited!size!
of! the! minipigs,! which! makes! them! more! manageable! in! the! research! and!
clinical!environment!and!relatively!cheaper!to!feed!and!handle,!as!compared!to!
adult!pigs,!which!could!weigh!close!to!100kgs.!The!disadvantages!of!this!model!
are!the!limited!commercial!availability!and!the!relatively!long!induction!period!
of!12!months.!
! !
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1.5$!Shear&Stress&and&Atherosclerosis!
!
The! previous! sections! discussed! the! background! of! atherosclerosis,! vulnerable!
plaque!morphology!and!different!animal!models!used!for!atherosclerosis!research.!
The! following! section!will!discuss! the! important!concepts!of! shear! stress!and! it’s!
relation!to!the!disease.!
!
1.5.1!Wall!Shear!Stress!
!
!
The! walls! of! blood! vessels! are! made! up! of! three! distinct! layers;! the! tunica!
intima,! the! innermost! layer! which! is! lined! by! endothelial! cells,! the! tunica!
media,!the!middle!layer!made!of!smooth!muscle!cells!and!the!tunica!adventitia,!
the!outermost!layer!made!of!connective!tissue,!elastin!and!a!small!network!of!
blood!vessels!called!the!vasa!vasorum!which!supplies!blood!to!the!vessel!walls.!
The! endothelium! lining! the! intima! is! constantly! experiencing! various!
mechanical! forces! in!the!normal!and!tangential!direction!due!to!the!pulsatile!
nature! of! the! flow.! ! The! tangential! (frictional)! force! per! unit! area! that! is!
subjected! on! the! luminal! vessel! wall! and! endothelial! surface! by! the! flow! of!
viscous!blood!is!known!as!the+shear!stress+(Malek!et!al.!1999).!
!
Shear!stress!at! the!wall,! for!a!Newtonian! fluid,! is!directly!proportional! to! the!
velocity!gradient!dv/dr!(shear!rate)!at!the!wall!and!can!be!estimated!by!!! = !! !"!"!
where!µ! is! the! viscosity! of! the! blood.! ! The! dimension! of! the! shear! stress! is!
Newton!per!square!meter!(N/m2)!or!Pascal!(Pa).!
!
Additionally,!in!fully!developed!steady!Poiseuille!flow,!the!wall!shear!stress!(τ)!
can!be!calculated!theoretically!using!the!HagenYPoiseuille!equation:!
!
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τs!=!
!!"!!! !!(dyne/cm2)!!
!
where!µ! is! the! viscosity! of! the! blood,! Q! is! the! flow! rate! and! r! is! the! vessel!
radius.! It! suggests! that! the! wall! shear! stress! (WSS)! is! proportional! to! the!
viscosity!but!also!inversely!proportional!to!the!cube!of!the!radius!(Zamir!1976;!
Malek!et!al.!1999),!an!important!consideration!when!estimating!the!WSS!using!
imaging!tools!and!numerical!techniques.!!
!
!
1.5.2!!!Localisation!of!the!Disease!!
!
!
Investigations!into!the!initiation!and!progression!of!atherosclerosis!have!been!
ongoing! for! decades.! ! Although! the! risk! factors! that! are! associated!with! the!
disease! are! systemic! in! nature,! historical! evidence! suggests! that! the!
atherosclerotic! plaques! are! observed! in! specific! regions! of! the! vascular! bed!
(Figure! 4).! The! lesions! are! either! located! at! or! near! branching! points! in! the!
vessels,! along! inner! walls! of! high! curvatures! or! on! the! outer! curves! of!
bifurcations!(DeBakey!et!al.!1985;!Berliner!et!al.!1995;!Malek!et!al.!1999).!These!
locations!seem!to!be!affected!by!the!local!blood!flow!characteristics.!On!closer!
inspection,! evidence! suggested! that! plaque! development! had! a! tendency! of!
occurring! in! regions! that! were! subjected! to! a! disturbed! or! oscillatory! flow!
pattern!leading!to!a!low!net!WSS!over!the!cardiac!cycle.!!
!
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!
Figure! 4:! Predominant! vascular! sites! and! distributions! of! atherosclerosis! in!
different! vascular! beds! are! shaded! black! in! this! representation.! Shaded! areas!
mainly!occur!at!branching!points!and!curvatures.!Figure!adapted!from!Debakey!et!
al,!1985.!
!
Over! the! last! century,! a! number! of! studies! showed! correlations! between! the!
disease! patterns! and! haemodynamics! and! suggested! various! mechanisms!
explaining!them.!A!majority!of!them!considered!the!mechanical!forces!exerted!
by! the! blood! on! the! endothelium! physically! damaging,! leading! to! enhanced!
lipid! deposition.! It! was! believed! until! the! late! 1960’s,! that! regions! of! the!
vasculature!susceptible!to!disease!were!the!regions!exposed!to!high!shear!(40!
Pa)!(Fry!1968).!!
!
However,! currently! it! is! fairly! well! accepted! that! atherosclerotic! plaques! coY
localize! with! regions! in! the! vasculature! where! the! WSS! is! low! and/or!
oscillating.! The! low! shear! stress! theory! was! suggested! in! a! pivotal! paper! by!
Caro!et!al!(Caro!et!al.!1969)!that!disproved!the!theories!at!the!time,!leading!to!a!
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debate! in! the! atherosclerosis! research! field.! They! demonstrated! that! the!
distribution!of!early!plaques!correlated!with!regions!of!the!arterial!wall!with!a!
locally! lower! shear! rate.! They! proposed! a! shear! dependent! mass! transfer!
mechanism! for! the! exchange! of! cholesterol! and! other! blood! components!
through!the!arterial!wall,!with!the!rate!of!accumulation!of!the!blood!materials!
within!the!arterial!wall!being!a!result!of!local!variations!in!the!wall!shear.!Since!
Caro’s!low!wall!shear!theory!was!suggested,!the!number!of!studies!supporting!
the! theory! propagated! over! the! decades! and! it! slowly! became! the! accepted!
theory!of!atherosclerotic!plaque!initiation.!
!
!
Although!the!plaque!initiation!theory!is!well!accepted,!plaque!progression!and!
composition! related! to! WSS! is! not! fully! characterised.! Since! a! majority! of!
human!atherosclerotic!plaque!studies!are!based!on!postYmortem!pathological!
analysis,!understanding!the!progression!of!the!disease!and!plaque!composition!
with! relation! to! varying! shear! stress! patterns! is! still! incomplete.!However,! a!
number!of!studies!have!confirmed!by!means!of!relating!flow!computed!using!
computational! fluid!dynamic! techniques,!with!histological!analysis,! that!high!
shear! stress! regions! are! atheroprotected! while! low! shear! stress! regions! are!
atheroprone!(Malek!et!al.!1999;!Slager!et!al.!2005;!Koskinas!et!al.!2009).!It!has!
also! been! suggested! that! low! wall! shear! stress! plays! a! key! role! in!
atherosclerotic!plaque!progression! from!a! stable!plaque! into!a! ruptureYprone!
vulnerable!plaque!(Koskinas!et!al.!2009;!Chatzizisis!et!al.!2008)!and!that!local!
haemodynamics,! particularly! shear! stress! was! a! key! determinant! of! plaque!
composition!(Krams!et!al.!2003;!Krams!et!al.!2006;!Frueh!et!al.!2012).!Koskinas!
et! al! performed! in+ vivo! IVUS! based! vascular! profiling! in! 5! diabetic,!
hypercholesterolemic! pigs! to! serially! study! plaque! progression! in! coronary!
arteries!over!5!time!points!and!link!end!point!plaque!histology!to!baseline!local!
haemodynamics.! They! showed! that! thinYcapped! atheroma! with! eccentric!
morphology,!i.e.!plaques!most!prone!to!rupture!developed!most!frequently!in!
regions! that! experienced! low!WSS!persistently! through! plaque! development,!
endorsing!the!importance!of!low!WSS!in!the!development!of!plaque!initiation!
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and! progression! (Koskinas! et! al.,! 2013).! Similarly,! Chatzizisis! et! al! had!
demonstrated!similar! findings! in!diabetic!pigs!on!a!highYfat!diet.! IVUS!based!
vascular! profiling!was! performed! at! 2! early! and! 2! late! time! points.! They! too!
found!a!significant! inverse!association!between!the!magnitude!of! low!WSS!at!
baseline!and! the!development!of! increasing!complexity!of!highYrisk! coronary!
plaques! characterized! by! intense! inflammation,! lipid! accumulation,! thin!
fibrous!cap!and!excessive!expansive!remodeling!at!the!end!point!of!the!study!
(Chatzisisis! et! al.,! 2008).! This! finding!meant! that! lower!magnitudes! of! shear!
stress!in!combination!with!local!excessive!remodeling!could!further!exacerbate!
the!lowYWSS!environment!ultimately!leading!to!the!development!of!highYrisk!
plaques!and!a!clinical!event.!Such!studies!have!also!been!performed!in!humans!
by!the!Stone!group!and!have!demonstrated!similar!findings!(Stone!et!al!2003).!!
Recently,! Cheng! et! al! showed! that! by! inducing! specific! shear! stress!
patterns! in! a! single! blood! vessel! segment!by! the!placement! of! a! constricting!
cuff!on!the!carotid!artery!of!mice,!they!observed!the!stable!and!the!vulnerable!
plaque! development! with! strikingly! different! plaque! compositions.!
Interestingly,!the!stable!plaque!phenotype!was!seen!in!oscillatory!shear!stress!
regions!(vortices)!while!the!vulnerable!plaque!phenotype!(TCFAs)!was!seen!in!
areas!of! relatively! lowered! shear! stress.!There!was!no!plaque!observed! in! the!
region! of! high! shear! stress! (Cheng! 2006).! In! humans,! as! part! of! the!
PREDICTION! study,! Stone! et! al! studied! the! link! between! baseline! local!
haemodynamics! and! plaque! characteristics! against! clinical! events! such! as!
acute!plaque!rupture!or!accelerated!luminal!obstruction!after!1!year!follow!up!
(Stone!et!al.,!2012).!The!study!included!vascular!profiling!by!applying!IVUS!and!
coronary! angiography! techniques! for! 506! patients! with! an! ACS! treated! with!
percutaneous! coronary! intervention! (PCI),! with! 374! patients! being! followed!
up.!They!found!that!large!plaque!burden!and!low!WSS!at!baseline!were!good!
combined! predictors! of! plaque! progression! and! luminal! obstruction,! with! a!
41%!positive!predictive!value!to!identify!lesions!at!baseline!likely!to!require!PCI!
in! the! future.! The! findings! of! the! study! showing! the!prominent! role! of! local!
low!WSS! in! the!progression!of! atherosclerosis!were! similar! to!previous! serial!
! 48!
studies! performed! in! the! atherosclerotic! pig! model! (Koskinas! et! al.,! 2010,!
Chatzizisis!et!al.,!2011)!and!pilot!studies!in!humans!(Stone!et!al.,!2007).!
!
Finally,!several!studies!have!also!shown!that!shear!stress!influences!vessel!wall!
remodeling! throughout! the! various! stages! of! atherosclerosis.! Shear! stress! in!
the!arterial!system!has!been!measured!to!be!in!a!range!of!1Y7!Pa!(Malek!et!al.!
1999).! As! discussed! earlier! in! section! 1.3.3,! sustained! increases! in! blood! flow!
(and! shear! stress)!kickstarts! a! compensatory!mechanism!by!which! the! vessel!
wall!undergoes!structural!enlargement! to!maintain! the! lumen!diameter! fairly!
constant,! known! as! expansive! remodeling,! thus!maintaining! the!mean! shear!
stress!in!the!physiological!range.!Equally,!the!opposite!also!holds!true!(Langille!
&! O'Donnell! 1986).! As! discussed! previously,! vulnerable! plaques! are! often!
associated!with!expansive!remodeling!while!stable!plaques!are!associated!with!
constrictive! remodeling! (Chatzizisis! 2008).! A! recent! serial! study! in!
hyperlipidaemic,! diabetic! pigs,! found! that! the! majority! of! ruptureYprone!
plaques!developed!in!regions!in!the!coronaries!experiencing!a!persistently!low!
wall!shear!(<!1!Pa),!combined!with!severe!inflammation!(Koskinas!et!al,!2010).!
Severe! inflammation!can!cause!the!media!of!the!vessel!to!degrade!due!to!the!
enzymatic! responses!of! the!MMPs,! leading! to! the! compensatory!or! excessive!
(when! lumen!and!vessel! size! increase)! remodeling! to! lower! the!wall! shear! to!
baseline!levels.!The!excessive!remodeling!could!then!further!reduce!the!already!
low! WSS! and! enabling! additional! lipid! accumulation,! inflammation,! matrix!
degradation! to! render! the! plaque! prone! to! rupture! (Wentzel! et! al,! 2012).!!
Vascular!SMC!relaxation!leading!to!enlargement!of!the!arterial!diameter!occurs!
over!seconds!to!minutes!(Hahn!&!M.!A.!Schwartz!2009).!!
Stable! plaques! with! calcified! lesions! and! limited! inflammation! are!
characterised!by!a!thicker!fibrous!cap!which!protects!a!smaller!lipid!core.!The!
presence! of! such! plaques! is! usually! associated! with! constrictive! remodeling,!
leading!to!luminal!obstruction.!Kumar!and!Lindner!showed!an!80%!reduction!
in! murine! carotid! lumen! area! 4! weeks! post! complete! ligation! of! the! left!
common!carotid!artery!(Kumar!&!Lindner!1997).!!
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The!remodeling!phenomenon!was!initially!introduced!by!Glagov!et!al!in!
human! coronary! arteries,! showing! that! the! capacity! of! the! vessel! wall! to!
remodel!outwards!was!limited!by!the!plaque!burden!defined!as!the!ratio!of!the!
plaque! area! to! the! vessel! area.! In! IVUS! based! studies,! a! parameter! called!
remodeling! index!which! is! the! lesion! EEM! area! divided! by! the! EEM! area! at!
another! proximal! reference! cross! section! is! used! to! quantify! vascular!
remodeling.!For!positive!remodeling,!the!remodeling!index!is!>!1!where!as!for!
negative!remodeling,!the!index!is!<!1!(Fujii!et!al!2005,!Mintz!et!al!1997).!More!
recently,!a! serial! IVUS!study!was!performed! in!patients! to!study!whether! the!
plaqueYfree! wall! is! responsible! for! the! remodeling! response! during!
atherosclerotic!build!up.!Here,!positive!remodeling!was!defined!as!the!relative!
change! in! vessel! area! >! 5%! from! baseline! vessel! area,! while! negative!
remodeling!was!defined!as!the!relative!change!in!vessel!area!<!5%!with!respect!
to!the!baseline!vessel!area!(Wentzel!et!al!2014).!
!Glagov! and! his! colleagues! had! earlier! showed! that! the! outer! vessel!
circumference!of! the!coronary!arteries! continues! to!grow! till! the!plaque!area!
covers! 40%! or!more! of! the! total! vessel! area,! beyond! which! the! vessel! is! no!
longer! able! to! compensate! (Glagov! et! al.! 1987).! As! the! plaque! continues! to!
grow,! it! encroaches! into! the! lumen! creating! a! flow! limiting! stenosis.! The!
upstream!region!of!the!plaque!then!experiences!high!shear!stress!while!the!low!
shear! stress! region! is! shifted!downstream,! thus!making! the!upstream!plaque!
more!vulnerable!to!rupture!as!seen!by!the!thinning!of!the!fibrous!cap!(Figure!
5),!eventually!leading!to!a!cardiovascular!event.!!
!
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!
Figure! 5:!OCT!of! a!TCFA! (arrow)!displaying! thinning!of! the! fibrous! cap.!Flow!of!
blood! is! from! left! to! right,! rendering! the! encroaching! plaque! susceptible! to!
rupture.!Figure!adapted!from!(Escaned!&!Serruys!2010).!! !
Importance+of+blood+ﬂow++
A B
C
Low$Shear
Low$Shear
High$Shear
A
B
High$Shear
Low$Shear
High$Shear
Low$Shear
A : OCT of TCFA in a 
patient 
B : Flow patterns seen around     
 TCFA formation. 
A"
B"
C"
Low"S ar"
Low"Shear"
Low"Shear"
ig "Shear"
High""
Shear"
Low"Shear" High"Shear"
! 51!
1.6$$Endothelial$Cells$and$Mechanotransduction!
!
The!endothelial!cells! lining!the!vasculature!and!their!normal!function!plays!a!
vital! role! in! maintaining! vascular! homeostasis,! whereas! their! dysfunction! is!
linked! with! the! onset! of! various! cardiovascular! diseases,! particularly!
atherosclerosis.!!
!
Endothelial!cell!surfaces!have!a!host!of!mechanoreceptors!that!act!as!sensors!to!
detect!and!transduce!haemodynamic!forces!like!pressure!and!endothelial!shear!
stress! by! means! of! multiple! molecular! elements! and! complex! intracellular!
pathways,! sensing! and! interacting! to! initiate! various! cellular! responses,! a!
process! called!mechanotransduction.! (Li! et! al.! 2005;! Chatzizisis! et! al.! 2007).!
Although!the!mechanisms!of!sensing!shear!stress!are!not!yet!fully!understood,!
shear! stress! is! known! to! regulate! endothelial! cell! functions,! leading! to!
activation!of!signaling!networks,!which!in!turn!regulate!gene!expressions!and!
other! functional! responses! like! cell! proliferation,! apoptosis,! migration,! and!
alignment! (Li! et! al.! 2005).! The!mechanisms!by!which! endothelial! cells! sense!
physical!forces!and!convert!them!to!inflammatory!responses!in!atherosclerosis!
are!well!studied,!especially!in! in+ vitro!conditions!(Chien!et!al.! 1998;!Bao!et!al.!
1999;! Bao! &! C! 2000).! Endothelial! cell!monolayers! were! subjected! to! varying!
levels! of! shear! stress! and! responses! studied! over! a! time! scale! of! seconds! to!
days.! Shorter! scale! responses! included! activation! of! potassium! ion! channels,!
releases!of!kinases!like!vascular!endothelial!growth!factor!receptor!2!(VEGFR2)!
and! increased! expression! of! nitric! oxide! (NO),! a! key! component! of! vascular!
tone! possessing! antiYinflammatory! and! antiYthrombotic! properties,! while!
longer! timeYscale! responses! included! activation! of! transcription! factors! like!
nuclear!factor!kappa!B!(NFYκB),!release!of!mitogen!activated!proteins!kinases!
(MAPKs),! and! expression! of! various! genes! downstream! of! the! signaling!
pathways!(Conway!&!M.!A.!Schwartz!2013;!Chatzizisis!et!al.!2007).!
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Numerous! studies! that! have! examined! the! responses! of! endothelial! cells! to!
mechanical!stimuli!have!found!mechanosensitive!genes!that!play!a!key!role!in!
disease!development! (Chien!2006).! In!particular,! regions! that! are! exposed! to!
unidirectional! laminar! flow! regions! induced! increased! endothelial! cell!
expression! of! the! eNOS! gene,! responsible! for! nitric! oxide! production! and!
transcription!factors!KrüppelYlike!Factor!2!(KLFY2),!known!to!have!a!key!role!in!
maintaining!vascular!tone!and!controlling!haemodynamic!regulations(J.!S.!Lee!
et!al.!2006).!On!the!other!hand,!in!regions!of!disturbed!flow,!mechanosensitive!
genes!such!as!VCAM1,!ICAMY1!and!upregulation!of!transcription!factor!NFYκB!
played! an! important! role! in! the! activation! of! the! inflammatory! response!
(Tarbell!et!al.!2014).!Together,! the!antiYinflammatory!eNOSYNO!pathway!and!
the! proYinflammatory! NFYκB! pathway! act! as! two! complementary!
mechanosensitive! signaling! pathways! that! could! explain! the! focal! nature! of!
atherosclerosis!(Conway!&!M.!A.!Schwartz!2013).!
As!has!been!established,!endothelial!cells!behave!differently!when!exposed!to!
altered! shear! stresses,! changing! their! phenotype! and! morphology,! making!
them! either! atheroprone! or! atheroprotective.! In! normal! or! high! shear! stress!
regions,! endothelial! cells! have! a! quiescent,! atheroprotective! phenotype,!
stimulating! antiYinflammatory! gene! expression,! low! levels! of! oxidative! stress,!
proliferation!and!permeability.!They!also!elongate!and!align!to!the!direction!of!
the!flow.!In!contrast,!endothelial!cells!in!regions!of!low!or!disturbed!shear!have!
a!proYinflammatory!phenotype,!stimulate!proYinflammatory!genes,!high!levels!
of!oxidative!stress,!cell!proliferation!and!show!poor!alignment!to!flow,!making!
them! atheroprone! (Hahn! &!M.! A.! Schwartz! 2009;!Malek! et! al.! 1999;! Davies!
2008).!When! exposed! to! low/disturbed! shear! stress,! they! also! increase! their!
permeability!to!macromolecules,!promoting!accumulation!of!lipoproteins!and!
the! method! of! damage! and! repair! near! the! branch! points! and! bifurcations!
(Chien! et! al.! 1998).! Additionally,! the! endothelium! is! responsible! for!
maintaining!physiological!levels!of!shear!stress!in!the!range!of!15Y20!dyne/cm2!
(Malek! et! al.! 1999)! through! vascular! remodeling! as! discussed! in! section! 1.5.2!
but!it!has!been!suggested!that!the!shear!stress!can!vary!substantially!between!
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arteries!in!an!individual,!and!between!species!(Weinberg!&!Ross!Ethier!2007).!
Both,! endothelial! cells! and! vascular! smooth! muscle! cells! respond! to!
mechanical! forces!to!modulate!artery!diameters!so!that!the!blood!flow!meets!
the!demands!of!the!tissues!(Hahn!&!M.!A.!Schwartz!2009).!!
Finally,!a!number!of!studies!have!attempted!to!investigate!the!relation!between!
blood! flow! and! the! development! of! atherosclerosis,! using! a! variety! of!
techniques! including! computational! modeling! of! flow,! modeling! of! gene!
networks,! systems! and! synthetic! biology,! rendering! mechanotransduction! a!
major!focus!in!the!field!of!cardiovascular!research.!!
!
1.7$$$Quantification*of*Local%Haemodynamics"and"
Plaque&Localisation!
!
Since!blood!flow!has!been!established!to!have!a!causal!link!to!atherosclerosis,!
there!have!been!numerous!studies!that!have!attempted!to!show!a!correlation!
between! the! local! haemodynamics,! in! particular! the! WSS! and! it’s! related!
metrics!and!the!plaque!locations!in!humans!and!animal!models.!!Currently,!the!
most! popular! tool! for! simulating! and! visualising! blood! flow! in! arteries! is!
computational! fluid!dynamics! (CFD),! as!will! be!discussed! later.! It! allows! the!
analysis!of!the!WSS!and!other!haemodynamic!metrics!at!any!spatial!location!in!
the! vascular! segments,! at! any! point! in! the! cardiac! cycle,! thus! enabling! a!
correlation!analysis! to!be!made!either! in+ vivo!or! in+ vitro!with!plaque! location!
and!composition.!However,!this!is!a!nonYtrivial!task,!owing!to!the!difficulty!in!
obtaining!physiologically! realistic!geometries!or! actual! representations!of! the!
vasculature.! Also,! the! vast! quantities! of! data! that! is! made! accessible! by! the!
CFD! simulations,! presents! a! huge! data! organizational! task,! making! the!
correlation! analysis! quite! challenging.! Several! attempts! have! been! made! to!
qualitatively!and!quantitatively!assess!the!correlation!of!disease!markers!to!the!
regions! of! complex! blood! flow! and! WSS! patterns.! In! the! process,! new!
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haemodynamic!metrics! are! constantly! being! developed! to! better! capture! the!
flow! characteristics! and! improve! the! predictability! of! future! plaque!
development.!A!recent!illustration!is!the!development!of!a!new!parameter,!the!
timeYaverage! gradient! of! pressure! (TAGP)! by! Assemat! et! al! (Assemat! et! al.!
2014).!They!made!a!visual!analysis!of!haemodynamic!metrics!like!TAWSS,!OSI,!
RRT!and!TAGP!with!plaques!located!in!a!mouse!aortic!arch!geometry!obtained!
from! in+ vitro! contrast! enhanced! microYComputed! Tomography! (microYCT)!
finding! a! good! agreement! between! plaque! localisation! and! TAGP.! The! new!
parameter!was!defined!as:!!
!"#$ = ! 1! ∇!!!"!! !
where!∇!!is!the!gradient!of!pressure.!It!is!important!to!note!that!the!study!was!
a!pilot!study!performed!on!two!animals!and!the!correlation!results!between!the!
TAGP! and! the!plaque! locations!were! preliminary.!More! importantly,!moving!
blood! has! a! mass! (m)! and! velocity! (v)! and! hence! a! kinetic! energy! (KE)!
associated!with! it,!which! is! proportional! to!V2;!(!" = !! ! !!).!When! blood!
flows!through!the!artery,!it!also!exerts!a!lateral!force!on!the!artery!walls,!which!
is! the!potential! or!pressure! energy! (PE).!The! total! energy! (E)!of! the!blood! is!
therefore! the! KE! +! PE.! ! Now,! if! the! blood! flow! through! the! artery! (e.g.! the!
human!aorta)!were!to!abruptly!come!to!a!standstill,!the!KE!will!be!converted!
into!the!dynamic!pressure!of!the!blood.!The!dynamic!pressure!(q)!is!based!on!
the!density!(ρ)!and!velocity!(ν)!of!a!fluid!and!is!defined!by:!!! = !12 !!!!!
In!a!human!aorta,!the!maximum!dynamic!pressure!in!the!artery!will!thus!be!at!
peak!systole,!where!the!peak!velocity!can!be!assumed!to!be!1!m/s.! !Assuming!
the!density!of!blood!to!be!1000!kg/m3,!the!maximum!dynamic!pressure!will!be!
500!Pa,!or!3.75mmHg.!Since! the!pressure!difference!between!the!systolic!and!
diastolic! pressure! within! a! cardiac! cycle! is! 45! mmHg,! local! differences! in!
pressure!to!the!order!of!a!few!mmHg!(3.75!mmHg!in!this!case)!are!too!small!to!
have!any!significant!effect!on!the!location!and!progression!of!atherosclerosis.!
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!
Qualitatively,!there!have!been!several!studies!that!made!visual!comparisons!of!
the! maps! of! haemodynamic! metrics! and! lesion! distribution! obtained! by!
histology.!Although!this!is!the!simplest!form!of!comparison!between!two!maps,!
some! studies! have! shown! a! good! correlation! between! the! areas! of! low! and!
oscillatory! shear! stress! to! coincide! with! complex! flow! patterns! captured! by!
various!disease!markers!like!low!WSS!(Suo!et!al.!2008),!oscillatory!shear!index!
(OSI)! and! relative! residence! time! (RRT)(Hoi! et! al.! 2011),! wall! shear! stress!
gradient! (WSSG)! (Buchanan! et! al.! 2003)! and! transverse! wall! shear! stress!
(transWSS)! (Peiffer,! Sherwin! &!Weinberg! 2013b).! ! However,! although! these!
studies! provide! an! insight! into! plaque! distribution! in! relation! to!mechanical!
parameters,!a!quantitative!correlation!analysis!between!the!mechanics!and!the!
biology!could!lead!to!some!mechanical!indicators!that!could!be!used!in!routine!
clinical!assessments!to! improve!the!predictability!of!plaque!development!and!
progression.!!!
!
As!mentioned!earlier,!the!sheer!amount!of!data!obtained!from!a!computational!
simulation!makes!the!correlation!analysis!an!interesting!challenge.!A!number!
of!data!manipulation!and!reduction!strategies!have!been!employed!to!facilitate!
such! analyses.! ! The! most! likely! form! of! data! reduction! is! some! form! of!
averaging! the!parameters.!Krams! et! al! compared!WSS! along! locations! of! the!
right!coronary!artery!(RCA)!with!wall!thickness!in!patients,!finding!an!inverse!
correlation!by!using!an!axial!averaging!technique!(Krams!et!al.!1997).!Similarly,!
Wentzel! et! al! showed! that! a! pointYwise! comparison! did! not! yield! any!
significant!correlation!(inverse)!between!local!wall!thickness!versus!wall!shear!
stress!in!human!coronary!segments.!However,!by!axially!averaging!the!data,!a!
significant!inverse!correlation!was!obtained!in!38%!of!the!cases!(Wentzel!et!al.!
2005).! Additionally,! Samady! et! al! (Samady! et! al.! 2011)! made! similar!
observations!by!circumferentially!averaging!the!time!averaged!wall!shear!stress!
(TAWSS)! data! over! equally! sized! longitudinal! segments! of! the! artery.!
Furthermore,! some! studies! employed! a! technique! of! averaging! the! WSS! or!
related! parameters! over! equally! sized! patches! (regions)! prior! to! correlating!
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them!with!the!plaque! locations.!For!example,!Lee!et!al!(S.W.!Lee!et!al.!2009)!
concluded! that! RRT! could! be! used! as! a! single!marker! for! disturbed! flow! by!
correlating! areas! of! vascular! dysfunction! with! a! number! of! haemodynamic!
metrics! in! 50! human! carotid! bifurcations.! In! this! case,! the! haemodynamic!
metrics!were!averaged!over!segments,!which!were!0.5!units!axially,!divided!into!
12! circumferential! segments! at! each! axial! level.! Recently,! a! similar! technique!
was!used!in!a!longitudinal!study!by!Trachet!et!al!(Trachet!et!al.!2011)!to!test!the!
correlation!between!abdominal!aortic!aneurysm!formation!in!the!post!followY
up!geometry!and!shear!stress!related!metrics!in!the!baseline!geometry!in!mice.!!
haemodynamic! metrics! were! averaged! over! 1! mm! long! segments! further!
divided!into!6!circumferential!patches.!There!appeared!to!be!a!good!qualitative!
correlation!but!on! further!quantitative!analysis,!no! statistical! correlation!was!
found.! ! Finally,! other! methods! of! data! reduction! included! choosing! an!
objective! threshold! value! above! or! below! which! the! haemodynamic! metric!
promoted!atherosclerotic!disease!(Koskinas!et!al.!2010;!Rikhtegar!et!al.!2012).!!
!
!
In! contrast! to! the! above! discussed! data! reduction! studies,! there! have! been!
several!attempts!to!correlate!local!haemodynamics!with!disease!indicators!on!a!
systematic!point3by3point!basis,!predominantly!using! intimal! thickness!as! the!
disease!indicator.!!Joshi!et!al!(Joshi!2004)!studied!the!correlation!between!the!
intimal! thickness!measured! from! digitised! histology! images! and!WSS! in! the!
trunk! of! the!RCA!geometry! obtained! from!postYmortem! corrosion! casting! of!
four!patients.!They!paired! the! intimal! thickness!measurement! from!histology!
at!each!node!of!the!geometry!to!the!WSS!value!at!that!node!using!a!computer!
algorithm.!They!found!a!statistically!significant!inverse!correlation!in!just!one!
of! their! four!cases.!Similarly,!Steinman!et!al! (Steinman!et!al.!2001)!compared!
3D!maps!of!WSS!and!OSI!with!wall!thickness!calculated!for!each!node!of!the!
geometry,!showing!a!good!qualitative!correlation!but!no!obvious!relationship!
when!pooling!the!shear!and!thickness!data!together!in!scatter!plots.!PointYbyY
point! data! analysis! is! the! most! rigorous! form! of! testing! the! presence! of! a!
correlation.!Interestingly,!a!review!of!correlation!studies!by!Peiffer!et!al!showed!
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that! as! the! amount! of! data! reduction! increases,! the! correlations! increase!
between!lesion!distribution!and!haemodynamic!metrics.!Additionally,!none!of!
the! studies! that! conducted! a! pointYbyYpoint! correlation! analysis! showed! any!
statistically! significant! correlation!between! local!haemodynamics! and!disease!
indicators! (see! (Peiffer,! Sherwin! &! Weinberg! 2013a)! for! review).! It! is! also!
interesting! to! note! that! there! have! been! no! pointYwise! studies! performed! in!
mouse! models! of! atherosclerosis.! Although! it! is! vital! to! understand! and!
discover! disease!mechanisms! and! its! relation! to! haemodynamics! in! humans,!
animal!models,! in!particular!mice! and!pigs! could!provide! a! good! foundation!
for!testing!the!correlations!in!a!more!controlled!haemodynamic!environment,!
free! from! the! clinically! relevant! systemic! risk! factors! and!maintained! under!
controlled!dietary!conditions.!Moreover,!studies!in!humans!are!usually!feasible!
at!advanced!disease!stage,!providing!a!‘snapshot’!of!disease!distribution!versus!
local! blood! flow! mechanics.! Animal! models! provide! the! possibility! of!
performing! serial! studies! in! the! same! artery! that! are! required! to! test! the!
correlation!at!various!stages!of!the!disease!in!the!same!subject!to!relate!pre!and!
post! disease! findings.! This! would! advance! our! understanding! of!
mechanotransduction! and! improve! the! predictability! of! plaque! progression!
and!rupture!locations,!an!important!clinical!goal.!
!
Finally,!the!progression!of!knowledge!in!the!field!has!been!limited!due!to!the!
lack! of! a! reliable! infrastructure! to! perform! rigorous! quantification! of! vast!
amount!of!datasets.!Each!simulation!could!result! in!several!gigabytes!of!data,!
leading!to!a!huge!data!organizational!challenge.!A!way!of!tackling!this!problem!
is!developing!a!framework!or!computational!platform!to!provide!a!systematic!
and!consistent!quantification!approach.!Canton!et!al!(Canton!et!al.!2013)!have!
presented! a! framework! to! coYregister! data! from! 3D! WSS! distributions! and!
individual!magnetic! resonance! imaging! (MRI)!based!plaque! components! and!
morphology!in!human!carotid!arteries!on!a!pointYbyYpoint!basis.!It!also!allows!
a! temporal! analysis! of! the! variation! in! WSS! over! the! individual! vulnerable!
plaque! features! like! the! lipidYrich! necrotic! core,! intraYplaque! haemorrhage,!
loose! matrix! and! wall! thickness.! Interestingly,! they! found! a! statistically!
! 58!
significant!correlation!between!the!low!WSS!and!necrotic!core!thickness!in!six!
out! of! eight! cases! and! concluded! that! low!WSS!might! also! be! linked! to! the!
presence! of! haemorrhage,! a! critical! factor! in! plaque! progression! and!
destabilization,! also! highlighting! the! importance! of! such! a! computational!
platform.!
! !
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!1.8!!Computing*Wall#Shear%Stress%in%Realistic(
Vascular'Geometries(!
!
Section! 1.7! (on! quantification! of! localisation)! discussed! a! number! of! studies!
that! attempted! to! correlate! the! local! haemodynamics,! particularly! WSS! in!
vascular!geometries!to!sites!of!atherosclerosis.!This!section!will!highlight!some!
concepts! of! blood! flow! in! arteries! and! explain! how!WSS! can! be! computed!
using!computational!fluid!dynamics!(CFD)!and!imaging!techniques.!!
!
!
1.8.1!Fluid!Mechanics!Concepts!
!
i)!Reynolds!number!(Re):!
Reynolds!number!is!a!nonYdimensional!parameter!that!is!used!to!characterise!
the! conditions! of! flow! within! an! artery.! It! is! essentially! a! measure! of! the!
stability! of! the! flow,! and! is! the! ratio! of! inertial! fluid!momentum! to! viscous!
frictional! forces! acting! on! the! fluid;! the! higher! the! inertia! and! lower! the!
viscosity,!the!more!unstable!the!flow.!It!is!defined!as:!
!" = !"#! !!!
!where:!!!is!the!density!of!the!fluid!in!kg/m3,!!
D!is!the!vessel!diameter!in!m,!!
μ!is!the!coefficient!of!viscosity!of!the!fluid!in!kg/m.s!and!!
U!is!the!velocity!of!fluid!in!m/s.!!
At!very! low! flow!rates,!when!Re!<! 1,! the! inertial! forces!can!be! ignored!as! the!
viscous! forces! dominate! over! them,! and! the! flow! is! laminar,! following! the!
geometry!of!the!flow!channels!under!the!influence!of!the!viscous!forces.!At!low!
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values!of!Re,!when! the! inertial! and!viscous! forces!are! comparable,! secondary!
flows! (vortices! and!other!nonaxial! flow!phenomena)! arise! in! regions! such! as!
artery!curvatures!and!bifurcations.!As!there!is!a!transition!of!flow!to!turbulence!
(1500!<!Re!<!2000),! lateral!motion!of!blood!becomes!more!random;! it!can!be!
triggered! by! irregular! vascular! geometries! such! as! stenoses! as! well! as! flow!
pulsatility!(Cunningham!&!Gotlieb!2005).!In!turbulent!flow,!typically!occurring!
where!the!Re!is!greater!than!2000,!the!influence!of!inertial!forces!acting!on!the!
fluid! are! much! larger,! causing! complex! rapid! fluctuations! in! velocity! and!
pressure!in!time!and!space,!as!the!perturbations!to!the!flow!can!no!longer!be!
damped!out!by!the!viscous!forces!(Figure!6C).!
The!Re! is! a!widely!used!parameter! that! gives! a!qualitative!description!of! the!
flow!in!arteries.!However,!Re!for!mouse!aortas!(<100)!(Hoi!et!al.!2011)!and!pig!
coronaries! (<! 200)! (Suo! et! al.! 2006;!Huo! et! al.! 2007)! as! compared! to!human!
aortas! (~3000),! suggest! that! turbulence! is! highly! unlikely! to! be! seen! in! the!
vascular!segments!of!our!chosen!models!of!atherosclerosis.!!
!
!
ii)!Steady!Flow:!
Most! flows! can! be! categorized! as! either! laminar! or! turbulent! flow.! Low!
Reynolds! numbers,! as! discussed! above,! characterises! steady! or! laminar! flow.!
Laminar! blood! flow! occurs! when! the! fluid! flows! in! layers,! parallel! to! each!
other,! without! any! disruption.! Undisturbed! laminar! flow! refers! to! a!
streamlined! flow! with! smoothly! varying! velocity! fields! demonstrated! by!
smooth! flow! lines! (Figure!6A).!On! the!other!hand,!disturbed! laminar! flow! is!
characterised! by! areas! with! reversed! flow! described! by! flow! separation,!
recirculation!and!reattachment! to! forward! flow,!and!circumferential! swirling.!!
(Figure! 6B).! These! flow! characteristics! can! be! observed! in! certain! regions! of!
the!vasculature!where! irregular!geometries! such!as!curvatures,!branches,!and!
bifurcations!are!present,!or!downstream!of!a!stenosis!(Chatzizisis!et!al.!2007).!
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These!regions!usually!demonstrate!low!or!low/oscillatory!wall!shear!stress,!due!
to! the! pulsatile! nature! of! the! flow.! The! periodic! oscillation! and! multiY
directionality!of!flow!and!shear!stress!that!occurs!in!such!regions!over!a!cardiac!
cycle! can! be! quantified! by! hemodynamic! parameters! such! as! the! OSI! and!
transWSS! respectively.! In! such! regions! of! geometrical! irregularity,! the!
low/oscillatory!WSS!changes!direction!between!systole!and!diastole,!leading!to!
a! low! time! average! WSS.! In! straight! arterial! segments,! the! WSS! is!
unidirectional! and! pulsatile,! with! a! positive! time! average! over! the! cardiac!
cycle,!in!the!physiological!range!of!WSS!(Wentzel,!2012).!
!
Figure! 6:! Characteristics! of! various! flow! patterns.! Laminar! flow! with! smooth!
streamlines! parallel! to! each! other! (A),! disturbed! laminar! flow!with! recirculation!
zones! and! flow! separation! (B)! and! turbulent! flow! with! continuously! changing!
velocities!(C).!Figure!adapted!from!(Chatzizisis!et!al.!2007).!
!
!
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For!a!circular!straight!pipe!of!diameter!(D),!the!flow!enters!with!a!blunt!profile!
and!travels! through!a!certain! length,!called! the!entrance! length!(L),!before! it!
develops!into!it’s!fully!developed!state!with!a!parabolic!profile!and!no!motion!
in! the! radial!direction.! It! is!now! termed!as!Poiseuille! flow.!By!definition,! the!
entrance!length!(L),!given!by!L!=!0.03ReD!is!the!distance!between!the!entrance!
of!a!tube!to!the!point!at!which!the!flow!is!fully!developed!into!a!!parabolic!flow!
profile!(see!Figure!7).!!The!WSS!can!be!estimated!in!the!fully!developed!region!
by!the!HagenYPoiseuille!equation!as!mentioned!in!section!1.5.1.!However,!fully!
developed! flow! is! rarely! observed! in! large! arteries! due! to! the! numerous!
branches!and!the!pulsatile!nature!of!the!blood.!Conversely,! in!smaller!vessels!
with!low!Re!flows,!flow!can!be!considered!developed.!
!
!
!
Figure! 7:! Entrance! length! –! The! flow! enters! the! tube! and! develops! from! a! plug!
profile!to!a!parabolic!profile!over!a!distance!(L),!termed!the!entrance!length.!The!
WSS!is!higher!at!the!inlet!(velocities!are!higher!at!the!wall)!and!gradually!reaches!
Poiseuille!WSS!where!wall!velocities!are!negligible.!
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iii)!Pulsatile!flow!!
Due!to!the!pumping!action!of!the!heart,!blood!flow!in!all!arteries!is!pulsatile,!
which! considerably! affects! flow! patterns! and! subsequently! WSS! patterns!
throughout!the!cardiac!cycle!(Ku!1997).!The! larger!arteries! in!the!vasculature!
dampen! the! oscillations! of! the! flow! due! to! their! higher! vessel!wall! elasticity!
compared!to!smaller!vessels.!Different!pressure!and!velocity!pulsatility!profiles,!
seen!in!various!areas!of!the!vasculature!were!illustrated!by!Caro!et!al!(Caro!et!
al.!1978)!(Figure!8)!
!
Figure! 8:! Pressure! and! velocity! profiles! differ! in! various! arteries! of! the! human!
vasculature!Figure!adapted!from!(Mills!et!al.!1970).!!!
!
!
!
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Unsteady!flows!can!also!be!characterised!by!a!nonYdimensional!parameter,!the!
Womersley! number! (α)! defined! by!Womersley! in! 1955! for! flow! in! a! straight!
pipe!as:!
!
! = !2 ! !! !!= !!!2 ! !"! !
!
where!D!=!diameter!of!the!vessel!
!!!!!!!!!!!!ω!=!2π/T!is!the!angular!frequency!of!oscillations!!
!!!!!!!!!!!!ν!=!kinematic!viscosity!of!the!fluid!
!!!!!!!!!!!!ρ!=!density!of!the!fluid!
!!!!!!!!!!!!µ!=!dynamic!viscosity!of!the!fluid!
! !
If!α! is! sufficiently! small,! the! flow! can! be! considered! quasiYsteady.! The! flow!
could!be!deemed!fully!developed!throughout!the!cardiac!cycle!as!it!holds!the!
parabolic! shape.! In!mice,!α! is! very! low! (≈! 2),!which! suggests! that! secondary!
flows!and!turbulence!are!less!probable!in!mice!than!in!humans!as!the!blood!is!
viscousYdominated!(low!Re)!(Suo!et!al.!2006).!!For!high!values!of!α,!the!flow!is!
no! longer!able! to! fully!develop!due! to! the! shorter! time!period!of! the!cardiac!
cycle.!!
!
1.8.2!!!Computational!Fluid!Dynamics!(CFD)!!
!
!
Investigating! systemic! flow! fields! and! related! haemodynamics,! in! particular!
WSS!in!various!parts!of!the!vasculature!has!been!a!major!field!of!research!for!
decades.!A!number!of!studies!have!attempted!to!study!biological!responses!of!
vascular! endothelial! cells! exposed! to! shear! stress! in!different! flow!conditions!
using!various!in+vitro!(J.!E.!Moore!Jr.!et!al.!1994)!(Potter!et!al.!2011)!and!in+vivo!
experimental!set!ups!(Cuhlmann!et!al.!2011;!Cheng!2006).!However,!controlling!
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flow! parameters! and! characterising! magnitudes! and! directions! of! flow! and!
estimating! WSS! in! experimental! conditions! is! highly! challenging.! Although!
WSS,! using! the! Hagen! Poiseuille! equation! previously! described,! can! be!
estimated! in! simpler! geometries! by! assuming! arteries! to! be! cylindrical! tubes!
with!steady!flow,!it!does!not!provide!a!detailed!description!of!flow!in!complex!
vascular! geometries.! An! alternative! way! of! understanding! complex!
haemodynamics! and! computing! in+ vivo! WSS! over! physiologically! realistic!
geometries! can!be! achieved!by!using!CFD.! !When!used! in! combination!with!
experiments,! CFD! allows! a! detailed! flow! field! analysis! at! all! locations! of! the!
vasculature! and! at! all! times! of! the! cardiac! cycle! retrospectively! (Steinman!
2004a;!Steinman!2004b).!!!
!
CFD!involves!the!numerical!solving!of!the!equations!governing!the!motion!of!
fluids.!They!consist!of!an!equation! for!conservation!of!mass,!momentum!and!
energy.! Together,! they! form! a! set! of! coupled,! nonYlinear! partial! differential!
equations,!known!as! the!NavierYStokes!equations!which!apply! to!most!of! the!
common! fluids! and! are! not! possible! to! solve! analytically! for! complex! flow!
problems,!including!blood!flow!problems.!!
In! practice,! blood! is! commonly! assumed! to! be! an! incompressible! (constant!
density),! Newtonian! fluid! (viscosity! remains! constant! with! shear! rate)! in!
human! and! animal! model! studies! (Samady! et! al.! 2011;! Thim! et! al.! 2010;!
Feintuch!et!al.!2006;!Trachet!et!al.!2011)!even!though!it! is!an! inhomogeneous!
mixture!because!of!the!presence!of!red!blood!cells,!making!it’s!properties!nonY
Newtonian.!However,! the! assumption! is! valid! in!moderate!Reynolds!number!
flow! conditions! seen! in! coronary! arteries! (Samady! et! al.! 2011)! and! in!murine!
arteries!where!shear!rates!are!very!high,!making!the!shear!thinning!effect!of!a!
nonYNewtonian!fluid!negligible.!
!
!
!
!
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Under! these! assumptions,! the! continuity! equation! and! the! NavierYStokes!
equations!can!be!defined!as:!
! ∇.! = 0!
and!! ! !"!" !!+!!.∇! =!!Y!!!!∇p +!!∇!!!
!
!
Where!!!!!is!the!velocity!vector,!
!!!!!!!!!!!!!!t!is!the!time,!
!!!!!!!!!!!!!!!!is!the!density!of!blood,!!
!!!!!!!!!!!!!!p!is!the!pressure!field!and!!!
!!!!!!!!!!!!!!is!the!viscosity!of!blood.!
!
The! left! hand! side! of! the!NavierYStokes! equations! represents! acceleration! of!
the!fluid!and!is!composed!of!time!dependent!and!convective!acceleration.!The!
right!hand!side!of!the!equations!represents!the!pressure!gradient!and!a!viscous,!
diffusive!term.!
!
Briefly,!in!order!to!numerically!solve!the!equations,!the!computational!domain!
over! which! the! equations! need! to! be! solved! (eg.! the! blood! vessel)! must! be!
discretised!using!a!grid!or!mesh!into!small!regular!elements!such!as!tetrahedral!
or!hexahedral,! triangular!or!prismatic! elements,! etc.! known!as! cells.!Velocity!
data! is! used! as! boundary! conditions! within! the! cells! and! the! NavierYStokes!
equations!are!solved!over!each!cell.!Values!for!each!flow!variable!(eg.!velocity,!
pressure)!can!be!obtained!at!the!cell!centers,!while!the!values!for!the!rest!of!the!
computational! domain! are! obtained! by! interpolation.! PostYprocessing! allows!
the!interpretation!of!haemodynamic!parameters!like!WSS!and!related!metrics.!!
All! computational! fluid! dynamics! simulations! in! this! thesis! were! performed!
using!a!commercially!available!package,!Fluent!6.2,!Ansys,!USA.!
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1.9$$$CFD$in$Realistic$Vascular$Geometries!
!
The! recent! advent! of! various! medical! technologies,! image! processing!
techniques!and!computational!power!has!made!the!use!of!CFD!in!the!field!of!
bioengineering! a! valuable! tool! in! characterising! blood! flow! in! atheroprone!
regions.! CFD! was! earlier! restricted! to! simplified,! idealised! or! averaged!
geometries!due!to!the!lack!of!the!above!mentioned!factors,!but!is!now!able!to!
provide!timeYvarying,!3D!blood!flow!patterns! in!anatomically!realistic!patient!
or!animal!specific!vasculature!(Steinman!2002;!Steinman!2004b).!The!following!
section! discusses! the! steps! involved! to! perform!CFD! in! practice! and! reviews!
relevant!methods!used!in!literature.!
!
!
!
1.9.1!!!Definition!of!the!Computational!Domain!
!
!
Geometrical! information! of! arteries! can!be! obtained!by! in+ vitro! as!well! as! in+
vivo!methods.!In+vitro!methods!in!animal!models!of!atherosclerosis!mainly!rely!
on!highYresolution!imaging!performed!either!on!the!animal!immediately!post!
sacrifice!or!by! imaging! just! the!vascular!segments!of! interest!after!dissection.!
But! the! more! commonly! used! technique! of! obtaining! the! luminal! arterial!
surfaces! is! a! process! known! as! vascular! corrosion! casting.! This! is! a! post!
mortem!process! that! involves! the! injection!of! a! plastic! resin! at! physiological!
pressure! into! the!vasculature! in+ situ,! following!which! it! is! left! to!harden!and!
the!surrounding!tissue!is!dissolved!away!leaving!a!“cast”!of!the!entire!vascular!
system.!This! cast! is! then! scanned!at!very!high! resolutions!using!microYCT! to!
obtain!the!geometry!of!interest!using!imageYprocessing!techniques.!There!have!
been! a! few! studies! performed! on! human! autopsy! specimens! (Joshi! 2004;!
Goubergrits! et! al.! 2002),! however! it! is! now!primarily! used! in! smaller! animal!
models!of!atherosclerosis! like!mice!(Van!Doormaal!et!al.!2012)!and!rabbits!(J.!
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A.! Moore,! Rutt,! et! al.! 1999a).! Recently! it! was! also! used! to! study!
haemodynamics!of!stented!porcine!left!coronary!arteries+ ex+ situ+ (Rikhtegar!et!
al.! 2013).! The! primary! advantages! of! this! technique! is! it’s! ability! to! capture!
detailed! features! of! the! vasculature! with! high! fidelity! due! to! the! highY
resolution! microYCT! scans.! Additionally,! by! using! the! original! specimens! as!
reference,!plaque! localisation!and! the! stage!of! it’s!development! can!easily!be!
identified! on! the! casts! (Steinman! 2004b)! for! subsequent! correlation! studies.!
However,!the!pitfalls!of!the!technique!include!a!volume!shrinkage!of!the!cast!
of! upto! 16Y20%! when! dry! (Vandeghinste! et! al.! 2010),! an! inaccurate!
representation!of!bifurcation!angles!compared!to! in+vivo!geometries!as!shown!
by!Moore!et!al!(J.!A.!Moore,!Rutt,!et!al.!1999a)!and!the!inability!to!perform!any!
follow!up!studies!using!this!technique!due!to!animal!sacrifice.!The!last!point!is!
the!primary!reason!for!which!studies!presented!in!this!thesis!have!used!in+vivo+
imaging!based!CFD!techniques.!
!
In+ vivo! imaging!methods! on! the! other!hand,! include! the! application!of! nonY
invasive!or!minimally! invasive!imaging!modalities!such!as!XYray!angiography,!
computed! tomography! (CT),!MRI,! intravascular! ultrasound! (IVUS)! and!most!
recently,!optical!coherence!tomography!(OCT).!Each!of!the!imaging!modalities!
has! their! advantages! and! pitfalls.! XYray! angiography! is! used! in! combination!
with!IVUS!or!OCT!to!provide!accurate!3D!models!of!arteries!with!vessel!wall!
and! plaque! morphology.! ! Slager! et! al! (Slager! et! al.! 2000)! were! the! first! to!
develop! the! ANGUS! technique,! a! combination! of! biYplane! angiography! and!
IVUS!to!reconstruct!the!coronary!arteries!of!patients!to!enable!the!study!of!the!
relation! between! WSS! distribution! using! CFD! tools! and! IVUS! based! wall!
thickness! measurements.! Since! then,! there! have! been! several! patient! and!
animal! studies!employing! this! technique!as! reviewed!by!Steinman!(Steinman!
2004).!CT!and!MRI!can!be!used!as!standalone!modalities!as!they!can!provide!
fairly!accurate!geometrical!models,!although!the!spatial!resolution!that!can!be!
obtained!is!lower!compared!to!in+vitro!methods.!Other!factors!such!as!contrast!
to!noise!ratio!and!blurring!due!to!motion!artifacts!could!lead!to!a!loss!of!finer!
details! on! the! surface.! The! administration! of! contrast! agents! can! be! used! to!
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significantly! improve! the! visualisation! of! vasculature,! especially! in! small!
animals.! ! Additionally,! in! conjunction! with! in+ vivo! flow! and! pressure!
measurements,! in+vivo+ imaging!methods!present!the!possibility!of!performing!
subjectYspecific! longitudinal! studies;! essential! for! understanding! the!
development!and!localisation!of!atherosclerosis.!Moore!et!al!(J.!A.!Moore,!Rutt,!
et! al.! 1999)! performed! a! geometrical! analysis! on! 8! rabbit! aortaYiliac! junction!
models! obtained! from! vascular! casts! and! in+ vivo! MRI! and! concluded! that!
although!vascular!casts!capture!higher!details,!the!overall!geometries!are!better!
reproduced!by! in+ vivo!methods.!It!has!been!shown!that!the!WSS!is!extremely!
sensitive!to!the!geometry!(S.!W.!Lee!&!Steinman!2007),!suggesting!that!results!
from!imageYbased!CFD!should!be! interpreted!with!caution.! !A!comparison!of!
WSS! from! cast! derived!models!with! in+ vivo!microYCT! derived!models! of! the!
murine! aortic! arch! showed! that! time! averaged! WSS! magnitudes! were!
overestimated!using!casts!by!approximately!2.3!Pa,!however!the!WSS!patterns!
were!very!similar!(Vandeghinste!et!al.!2010).!
!
All!murine!carotid!artery!geometries!in!this!thesis!have!been!acquired!from!in+
vivo!microYCT!while! all!porcine!coronary!artery!models! are!obtained! from! in+
vivo!OCT!as!will!be!discussed!later.!!
!
1.9.2!!!Reconstructing!the!Vascular!Geometry!
!
!
After!acquiring!the!imaging!data!using!either!in+vitro!or!in+vivo!techniques,!the!
next!step!in!the!computation!of!WSS!in!realistic!geometries!is!to!delineate!the!
anatomical!structure!of!interest!from!the!medical!image!datasets!(usually!in!2D!
stacks)!by!using!image!processing!techniques,!namely!image!segmentation.!A!
3D!model! of! the! vascular! segment! is! required! for! the! simulation! of! the! flow!
field.! Due! to! the! development! of! better! imaging! techniques! and! image!
processing!tools!in!the!last!decade,!the!process!of!constructing!subjectYspecific!
vascular!models! from!medical! images! has! improved! significantly.! A! detailed!
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review! of! image! segmentation! techniques! is! out! of! scope! of! this! thesis.!
However,! most! of! the! methods! still! require! a! degree! of! user! interaction.!
Manual! techniques! usually! require! tracing! the! contour! of! the! anatomical!
structure!of!interest!in!2D!MRI!or!CT!image!cross!sections!and!stacking!of!2D!
segmented!data!in!3D!to!obtain!the!segmented!volume!(Zagorchev!et!al.!2010).!
Some!of!the!early!studies!that!performed!imageYbased!modeling!of!blood!flow!
used!2D!vessel! tracing! followed!by!solid!model!generation!by! ‘lofting’! from!a!
stack!of!2D!contours!to!model!blood!flow!(KaazempurYMofrad!et!al.!2004;!J.!A.!
Moore,! Steinman,! et! al.! 1999b).! !Other! than! introducing!operator!dependent!
errors,! this! is! a! highly! tedious! and! a! timeYconsuming! task! even! though! it! is!
extremely! robust! and! can! be! used! even! with! low! quality! image! datasets! to!
construct!complex!geometries.!!
Currently,! image! segmentation! techniques! and! software! have! progressed! to!
allow!a!3D!segmentation!approach.!3D!segmentation!is!attractive!as!it!not!only!
speeds! the! reconstruction! process,! it! also! makes! use! of! more! anatomical!
information! and! reduces! manual! labour,! an! important! consideration! for!
processing!a! large!number!of!models!as!presented! in! this! thesis.!Commercial!
packages! like! Amira! (Visage! Imaging),! Avizo! and! Mimics! (Materialise)! are!
readily!available! for! image! segmentation!and!analysis.!They!offer!a!variety!of!
imageYprocessing!techniques!like!thresholding,!region!growing,!edge!detection!
and! other! morphological! operators! like! erosion! and! dilation.! However,!
commercial! software! is! expensive,! there! is! not! a! high! level! of! automation!
available! making! it! a! time! consuming! task! and! the! accuracy! of! the!
segmentation!could!be!lost!in!areas!where!neighboring!tissues!overlap.!Hence,!
spatial! image! resolution!dictates! the! amount!of! automation! in! this! approach!
(Caballero!&!Laín!2013).!!
!
Directly!reconstructing!3D!subjectYspecific!vascular!models!for!modeling!blood!
flow! involves! two! steps:! image! segmentation! and! surface! modeling.! In! this!
regard,!two!major!approaches!for!image!segmentation!are!deformable!models!
and! level! set! segmentation.! ! The!method! used! in! this! thesis! is! the! level! set!
segmentation!method.!In!this!method,!typically,!seed!points!are!placed!in!the!
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anatomical!region!of!interest!that!then!grow!outwards!at!a!rate!that!is!inversely!
proportional!to!the!gradient!magnitude!of!the!boundary!and!is!also!influenced!
by! the! local! boundary! curvature.! In! regions! of! high! curvature,! inherent!
constraints! on! the! curvature! are! applied! which! suppress! any! artifactual!
protrusions! and! renders! the! boundary! smooth! (Yim! et! al.! 2003).! The! final!
surface! is! implicitly! represented! by! the! zero! level! of! a! higher! dimension!
function!called! the! level! set! function! (Antiga!et!al.! 2003;!Sethian! 1999).! ! It! is!
important!for!the!convergence!of!the!method!that!the!initialization!of!the!level!
set! function! is!close! to! the!target!segmentation.!This! is!usually!accomplished!
by! the! fast! marching! method.! An! improved! initialization! strategy! called!
‘colliding!fronts’!has!also!been!proposed!by!Antiga!et!al!(Antiga!et!al.!2008)!and!
has!been!used!for!the!segmentation!process!presented!in!chapter!2.!It!involves!
the!placement!of!two!seed!points!within!the!region!of!interest.!Wavefronts!are!
propagated!from!each!point!towards!the!other!at!a!speed!proportional!to!the!
image! intensity! and! the! region! where! they! collide! encompasses! the! initial!
model.!The!final!segmented!surface!is!triangularised!using!the!marching!cubes!
algorithm!proposed!by!Lorensen!et!al!(Lorensen!&!Cline!1987).!However,!this!
surface! mesh! is! not! suitable! for! further! flow! simulations! and! needs! to! be!
subjected! to! further! processing! such! as! clipping,! realigning,! subdivision,!
smoothing,! and! extending! before! it! can! be! used! to!model! blood! flow! using!
CFD.!One!of!the!main!disadvantage!of!the!level!sets!method!is!the!difficulty!is!
differentiating! between! protrusions! inherently! present! in! the! surface! being!
reconstructed! and! the! artificial! protrusions! due! to! poor! spatial! resolution! or!
noisy! images! (Yim! et! al.! 2003).! Several! openYsource! image! analysis! packages!
such!as!3D!Slicer!and!Vascular!Modeling!ToolKit!(VMTK)!supporting!3D!levelY
set! segmentation! have! now! become! available.! The! VMTK! software! has! been!
used! to! perform! the! reconstructions! of! murine! carotid! vascular! models! as!
presented!in!chapter!2.!Careful!consideration!must!be!given!when!using!these!
techniques! in! the!murine! setting.! It! can!be!extremely!challenging!due! to! the!
dimensions! and! compactness! of! murine! vasculature.! Some! blood! vessel!
structures!might!be! located!very!close! to!each!other,! leading! to! ‘leakiness’!of!
the!segmentation!due!to!the!similar!image!intensity!levels!seen!in!the!contrast!
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enhanced! blood! flowing! through! these! arteries.! However,! in! summary,! the!
current!3D!reconstruction! techniques!available!have!widely!extended! the!use!
imageYbased! modeling! for! blood! flow! computations! as! has! been! employed!
herein,!and!provide!a!robust,!quick!and!reliable!method!of!image!segmentation!
with!limited!user!intervention.!!
!
!
!!
1.9.3!!!Meshing!
!
!
Once!the!image!segmentation!procedure!has!been!completed,!the!anatomy!of!
interest!has!been!converted! from!a!stack!of!2D! images! into!a!3D!geometrical!
model,!which!can!be!used!to!simulate!blood!flow!using!CFD.!In!order!to!do!so,!
the! model! has! to! be! discretised! into! a! mesh! or! grid! consisting! of! a! finite!
number!of! smaller! control! volumes,!known!as! cells!or! elements.!The!NavierY
Stokes!equations!are!then!solved!over!each!of!the!cells!to!compute!the!3D!flow!
fields!in!the!anatomy.!The!computed!values!of!the!flow!variables!like!flow!and!
pressure! are! obtained! at! the! nodes! of! the! elements.! A! number! of! different!
elements!(tetrahedral,!hexahedral,!prismatic)!can!be!used!to!create!a!number!
of! different! mesh! types! (structured,! unstructured,! hybrid).! However,! it! is!
important!to!consider!the!choice!of!elements!and!meshes!as!the!number!and!
distribution! of! the! elements! affect! the! accuracy! of! the! simulations,! but! the!
computational!time!and!memory!requirements!are!directly!proportional!to!the!
number!of!elements!used.!Hence!it!is!important!to!strike!a!nontrivial!balance!
between! computational! efforts! and! solution! accuracy! (Caballero!&!Laín! 2013;!
Steinman!2002).!A!key!factor!in!obtaining!an!accurate!solution!independent!of!
the!type!of!mesh!used!is!to!check!for!independence!of!the!mesh!generated,!i.e.!
to!test!if!the!solution!of!the!simulation!is!independent!of!the!mesh!resolution.!
This! is! done! by!monitoring! a! variable! of! interest,! such! as! the!WSS! over! an!
initial!mesh.!The!mesh!is!gradually!refined!(usually!doubled!in!the!number!of!
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elements)! until! the! difference! in! the! solution! of! the! variable! of! interest! is!
within!a!reasonable!tolerance!level.!
!
In!geometries! that!are! fairly! simple!with!a! regular! structure,! like! in! idealised!
geometries,!structured!meshes!are!commonly!employed.!These!meshes!are!also!
used!when!the!geometry!can!be!easily!divided!into!regular!elements!along!the!
circumference! and! tube! axis! like! in! tubular! geometries! (Krams! et! al.! 1997).!
More! recently,! structured! meshes! are! being! employed! in! more! complex!
subjectYspecific! geometries! with! bifurcations! and! arches! due! to! the!
development!of!a!blockYtype!meshing!technique!(Trachet!et!al.!2011;!Assemat!
et!al.!2014).!Even!though!they!restrict! the!element!size!(hence!computational!
time)!due!to!the!elements!being!aligned!to!the!direction!of!flow,!they!are!time!
consuming! to! generate! and! requires! a! large! amount! of! user! interaction! to!
ensure!high!mesh!quality!and!hence!very!operator!dependent.!
!
Unstructured!and!hybrid!meshes!on! the!other!hand!are!more!widely!used! in!
cardiovascular! applications! due! to! the! relative! ease! of! mesh! generation! in!
complex! geometries.! They! are! less! time! consuming! to! generate! but! require!
more! computational! resources! and! time! to! compute! due! to! the! arbitrary!
arrangement! of! tetrahedral,! hexahedral! and! prismatic! elements! that! can! be!
achieved! using! a! number! of! commercial! meshing! packages! (Gambit,! TGrid,!
ICEM! CFD).! ! Tetrahedral! elements! are! commonly! used! to! discretize! the!
volume! of! the! model! due! to! their! flexibility! as! compared! to! hexahedral!
elements.! They! do! not! need! to!meet! any! particular! topological! requirement.!
However,!as!the!elements!are!not!aligned!along!the!flow,!numerical!diffusion!
errors!may! occur! (Caballero!&! Laín! 2013),!which! can! be! reduced! by! efficient!
refinement!of!the!mesh!and!using!a!higherYorder!interpolation!scheme!in!the!
numerical!solver.!Furthermore,!since!WSS!is!the!primary!parameter!of!interest!
from!the!simulations,!velocity!near!the!wall!needs!to!be!well!resolved.!In!order!
to!do!so,!a!userYdefined!number!of! layers!of!highYdensity!prismatic!elements,!
called!a!boundary!layer,!is!used!to!capture!the!high!gradients!that!are!observed!
at! the! wall! of! the! geometry,! as! the! elements! can! be! aligned! parallel! to! the!
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boundary! surface.! Meshes! that! use! a! combination! of! elements! as! described!
above!are!called!hybrid!meshes.!These!have!been!used!in!the!studies!presented!
in!this!thesis!using!a!combination!of!commercial!packages!Gambit!2.4.6,!Fluent!
Inc.!and!ICEM!CFD,!Ansys,!USA.!!
!
!!
1.9.4!!!Applying!Boundary!Conditions!
!
!
Once!the!geometrical!model!has!been!discretised,!the!final!step!in!running!the!
simulation! is! prescribing! suitable! boundary! conditions! in! order! to! solve! the!
NavierYStokes! equations! over! each! of! the! control! volumes.! This! requires! the!
boundary!conditions!for!control!faces!that!constitute!the!geometrical!borders!
of!the!model,!i.e.!the!inlet,!outlet!and!the!wall!of!the!arteries!in!our!case.!
A!large!number!of!studies!impose!a! ‘noYslip’!boundary!condition!on!the!walls!
of! the! arteries,! which! implies! that! the! blood! velocity! at! the! wall! is! the! wall!
velocity!itself.!The!rigid!wall!assumption!implies!that!the!velocity!of!the!wall!is!
zero,!as!has!been!imposed!for!the!arteries!in!our!study.!Although!the!pulsatile!
nature!of!the!flow!suggests!that!this!condition!is!inaccurate,!Zhao!et!al!showed!
that!the!impact!of!moving!walls!on!the!flow!field!is!a!general!reduction!in!WSS!
magnitudes! but! overall! the! patterns! of! flow! and!WSS! remained! unchanged!
(Zhao! et! al.! 2000).! Additionally,! to! obtain! a! deformable! CFD! model,! high!
spatial!and!temporal!resolution!medical!images!are!required!(Glor!et!al.!n.d.),!
which!is!particularly!difficult!to!obtain!in!a!murine!setting.!
!
At!the!inlets!and!outlets,!there!are!a!number!of!velocity!and!pressure!boundary!
conditions!that!can!be!applied.!Ideally,!subjectYspecific!measurements!of!flow!
and/or!pressure! that!have!been! acquired! in+ vivo! should!be!used! to!prescribe!
physiologically! realistic! inlet! or! outlet! boundary! conditions.! However,! since!
they!are!nontrivial! to!acquire,! generalised!or! simulated! flow!waveforms! for! a!
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particular!blood!vessel!have!also!been!used!in!some!studies.!In!cardiovascular!
studies,!the!inlet!boundary!condition!is!usually!in!the!form!of!an!inlet!flow!rate!
or!velocity!profile.!In!case!of!steady!or!pulsatile!simulations,!the!profile!could!
be! blunt,! parabolic,! or! skewed! velocity! profile.! Steady! simulations! require! a!
single! velocity! value! to! be! prescribed! at! the! inlet!while! pulsatile! simulations!
need! a! velocity! value! at! each! of! the! time! points! in! the! cardiac! cycle.! The!
pulsatile! waveform! is! usually! characterised! by! accelerating,! decelerating,! no!
flow!and! reversal!of! flow! regions.!The! in+ vivo!measurements!are!made!either!
with!catheter!based! technologies,!phase!contrast!MRI!or!Doppler!Ultrasound!
(Caballero!&!Laín!2013).!Prescribing!the!right!boundary!conditions!is!important!
as!they!hugely!influence!the!flow.!However,!flow!extensions!are!added!in!order!
to! minimise! the! effect! of! the! boundary! conditions! on! the! actual! domain! of!
interest.!!
!
At! the! outlets! of! the! artery,! a! prescribed! velocity! or! pressure! profile! can! be!
imposed! if! in+ vivo! measurements! are! available.! However,! in! complex!
geometries!with!multiple!outlets,!obtaining! timeYvarying!data!simultaneously!
in! all! outlets! is! impractical.! They! could! also! be! imposed! as! gradients,! target!
mass! flow! rates!or! as! resistances/impedances,!which!provide! a!more! realistic!
outflow! condition! by! taking! into! account! the! downstream! resistances! and!
subsequent! wave! propagation! due! to! the! rest! of! the! circulation! beyond! the!
domain! of! interest.! In! cases! when! pressure! fields! are! not! a! desired! solution!
variable,! constant! or! timeYvarying! pressure,! velocity! or! constant! traction!
(generally!zero)!boundary!conditions!have!also!been!applied.!In!such!cases,!the!
solver! extrapolates! the! information! from! the! interior.!However,! even! though!
these! are! the! most! commonly! used! outlet! boundary! conditions,! they! are!
limiting!as!they!do!not!reproduce!the!effects!of!the!in+vivo+fluid!impedances!of!
the!downstream!circulation!(Caballero!&!Laín!2013).!
! !
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1.10$Haemodynamic!Metrics!!
!
As! was! mentioned! in! section! 1.7,! numerous! attempts! have! been! made! to!
correlate! local! haemodynamics! with! the! sites! of! atherosclerotic! plaque!
development!using!CFD.!WSS!has!been!the!primary!descriptor! that!has!been!
analysed!thus!far.!However,!to!capture!and!quantify!the!various!features!of!the!
flow!over!time,!there!has!been!a!continual!development!of!new!haemodynamic!
parameters! or! descriptors! that! have! also! been! employed! to! assess! the!
correlation!between!atherosclerosis!and!blood!flow.!This!thesis!has!used!seven!
different! parameters! related! to! WSS! and! will! be! introduced! below! and!
summarised!in!Table!1.!
!
1.10.1!!TimeQAveraged!Wall!Shear!Stress!(TAWSS)!
!
WSS!(!!)!is!defined!as!the!tangential!force!of!the!blood!exerted!on!the!arterial!
wall! as! mentioned! earlier! in! section! 1.5.1.! For! a! Newtonian! fluid,! it! is!
proportional!to!the!velocity!gradient,!!! !"!(shear!rate)!and!is!defined!as:!
! !! = !! !"!"!
where!!!is!the!blood!dynamic!viscosity.!!!
!
To! quantify! the! shear! stress! on! the! entire! wall! over! the! cardiac! cycle,! the!
magnitude!of!the!WSS!vector!can!be!integrated!over!the!cycle.!This!quantity!is!
known!as!the!timeYaveraged!wall!shear!stress!(TAWSS)!defined!as:!
! !"#$$ = 1! !!!! !"!
where!T!is!the!time!period!of!the!cardiac!cycle.!
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!
1.10.2!!Oscillatory!Shear!Index!(OSI)!
!
The!OSI!was!introduced!by!Ku!et!al!(Ku!et!al.!1985)!as!an!indicator!to!quantify!
the! oscillations! of! flow!over! a! cardiac! cycle.! It! indicates! the! deviation! of! the!
instantaneous!WSS!vector!from!the!mean!direction!of!the!flow!and!has!values!
ranging!from!0!(no!oscillations)!to!0.5!(in!regions!of!vortices,! flow!separation!
from!arterial!wall).!It!can!identify!hot!spots!of!flow!reversal!but!is!insensitive!to!
the!shear!magnitude.!It!is!defined!as:!
!
!"# = 12 !1− ! 1! !! !!"!!1! !! !!"!! ! !
!
where!T!is!the!time!period!of!the!cardiac!cycle!and!!!!is!the!instantaneous!wall!
shear!stress!vector.!
!
1.10.3!!Relative!Residence!Time!(RRT)!
!
RRT! is! used! to!quantify! the!nearYwall! residence! times!of! solutes! and! formed!
elements! of! the! blood! in! the! neighbourhood! of! vascular! endothelium!
(Himburg!2004).!Since!the!particles!of!the!blood!are!constantly!moving,!their!
net!“residence!time”!is!zero!and!hence!the!concept!of!residence!time!is!relative!
and! is! shown! to! be! inversely! proportional! to! the! magnitudes! of! the! timeY
averaged!wall!shear!stress.!!It!is!defined!as:!
! !!"~ 11− 2! "# !!"#$$!
!
Since! it! takes! into! account! the!magnitude! and! oscillatory! nature! of! the!wall!
shear,!it!can!be!used!to!identify!regions!of!low!TAWSS!and!high!OSI;!regions!
with!disturbed!flow!shown!to!be!atheroprone.!Recently,!Lee!et!al!(S.W.!Lee!et!
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al.!2009)!stated!the!RRT!could!replace!TAWSS!and!OSI!as!the!single!identifier!
of!low!and!oscillatory!shear.!
!!
1.10.4!!Wall!Shear!Stress!Angle!Deviation!(WSSAD)!!!
WSSAD!was!first!introduced!by!Hyun!et!al!(Hyun!et!al.!2000)!as!a!measure!of!
the! spatial! variation! of! the! shear! stress! direction! over! a! region! of! interest!
defined!by!a!central!control!volume!surrounded!by! four!neighbouring!nodes.!
Briefly,!it!calculates!the!angle!deviation!between!two!vectors,!i.e.!the!wall!shear!
stress!vector!at!a!node!!!and!the!mean!wall!shear!stress!vector.!A!scalar!field!of!
angle!deviations!can!be!computed!as:!
!""#$ = arccos !! . !!!! . !! !
where!!! !! ,! !! !are! the! time! averaged! wall! shear! stress! vectors! at! surface!
locations!!, !!defined!as! !! = 1! ! !!!! !!"!
! !
T! is! the! period! of! the! cardiac! cycle,! ! !is! the! current! node! and! ! !is! the!
neighbouring!node.!
!
Typically,! for! each! location! ! ,! a! mean! WSSAD! is! calculated! from! the! 4!
neighbouring!nodes.!WSSAD!values!range!from!0!to!!!indicating!the!least!and!
most!severe!conditions!respectively!(Glor!et!al.!2004).!!! !
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1.10.5%%Transverse%Wall%Shear%Stress%(transWSS)%
!
The!transWSS!metric!was!recently!developed!by!Peiffer!et!al!(Peiffer,!Sherwin!
&!Weinberg! 2013)! to! capture! the! multiCdirectionality! of! disturbed! flow! and!
subsequent! WSS! vector.! They! suggested! that! in! disturbed! flows,! the! WSS!
vector! will! have! nonCzero! components! in! the! direction! normal! to! the! timeC
averaged! WSS! vector.! By! timeCaveraging! the! magnitudes! of! these! WSS!
components,!the!transWSS!can!be!defined!as:!
! !"#$%&'' = ! 1! !! . !!!× !!"#$!!"#$ !!! !"!
!!
where!!!!"#$ = ! !! !! !!"!! !and!!!is!the!vector!normal!to!the!arterial!surface.!
!
TransWSS! values! can! range!between!0! to!TAWSS!where! a! low! value! implies!
that!the!flow!is!predominantly!parallel!to!a!single!axis!throughout!the!cardiac!
cycle!while!a!higher!value!implies!large!or!small!changes!in!the!flow!direction!
over!the!cardiac!cycle!or!small!changes!in!the!direction!of!highCspeed!nearCwall!
flow! (Peiffer,! Sherwin! &! Weinberg! 2013).! In! this! thesis,! a! variation! of! this!
metric! is! used,! called! tSS,! as! it! is! normalized! by! the! TAWSS! at! every! point,!
which!is!a!variable.!
!
!
Finally,!along!with!the!previously!developed!haemodynamic!metrics!discussed!
above,!we!have!developed!two!more!parameters!to!test!the!correlation!between!
the! altered! haemodynamics! and! the! biology! of! plaque! development.! These!
have!been!listed!below!and!will!be!discussed!in!section!2.2.7.!A!summary!of!all!
metrics!and!their!formulations!used!in!this!thesis!is!shown!below!(Table!1).!
%!!!!!
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!
1.10.6!Low!Shear!Index!(LSI)!
! !!"# = ! !"#$$!"#$%"& − !!"#$$!"##$%!"#$%&'((!"#$%"& !
!
1.10.7!High!Shear!Index!(HSI)!
! !"# = ! !"#$$!"##$% − !!"#$$!"#$%"&!"#$%&'((!"#$%"& !
! !
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!
!
Table!1:!Summary!of!haemodynamic!parameters!used!in!this!thesis!
Haemodynamic!
Parameter!
!
Formulation!
Time!Averaged!Wall!Shear!!!!!
Stress!(TAWSS)!
! !"#$$ = 1! !!!! !"!
Oscillatory!Shear!Index!
(OSI)!
! !"# = 12 !1− ! 1! !! !!"!!1! !! !!"!! ! !
Relative!Residence!Time!!
(RRT)!
! !!"~ 11− 2! "# !!"#$$!
Wall!Shear!Stress!!
Angle!Deviation!(WSSAD)!
! !""#$ = arccos !! . !!!! . !! !
Transverse!Wall!Shear!!
Stress!(transWSS)!
!!"#$%&'' = ! 1! !! . !!!× !!"#$!!"#$ !!! !"!
Low!Shear!Index!(LSI)!
!!"# = ! !"#$$!"#$%"& − !!"#$$!"##$%!"#$%&'((!"#$%"& !
High!Shear!Index!(HSI)!
!!"# = ! !"#$$!"##$% − !!"#$$!"#$%"&!"#$%&'((!"#$%"& !
!
!
!
! !
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1.11#Research#Aims!
!
Although!atherosclerosis!has!been!a!major! topic!of! research! for!decades,! the!
mechanisms! involved! in! its! initiation! and! development! have! not! been! fully!
elucidated.! Currently,! patients! presenting! with! an! acute! coronary! syndrome!
undergo! either! a! byYpass! surgery! or! an! angioplasty,! which! improves! patient!
symptoms! in! the! short! term,! but! does! not! cure! the! underlying! disease,!
resulting! in! patients! often! undergoing! later! interventions.! There! is! clearly! a!
clinical!need!to!further!our!understanding!of!underlying!disease!mechanisms,!
improve! disease! prevention! strategies,! diagnostic! tools! and! find! new!
pharmaceutical!drug!targets!that!can!eventually!lead!to!better!prevention!and!
treatment!strategies!as!well!as!disease!management.!!
!
The! thesis! presented! herein! aims! to! enhance! our! understanding! of! the!
development! of! this! disease! and! works! with! the! hypothesis! that! regions! of!
perturbed! flow! and! the! resulting! low! shear! forces! play! a! vital! role! in! the!
development! and! progression! of! atherosclerosis.! In! order! to! test! this!
hypothesis,! in+ vivo!haemodynamics!need!to!be!related!to!plaque!composition!
and! progression! of! the! disease,! particularly! from!nascent! to! advanced! stages!
within! the! same! artery! to! further! elucidate! the! role! of! haemodynamics! in!
influencing! plaque! formation.! Since! this! is! a! nonYtrivial! task,! an! integrated!
platform! to! assess! the! coYlocalisation! of! wall! shear! stress! with! individual!
plaque! components! on! a!highly! localised! scale! and! in! a! quantitative!manner!
was!developed!and!applied!in!the!following!studies.!!
!
Firstly,! blood! flow! and! haemodynamic! quantities! have! been! investigated! in!
realistic! representations! of! carotid! arteries! in!ApoEY/Y!mice.! ! The! objective! of!
this! study!was! to!understand! the! relation!of!mechanically! induced!disturbed!
flow! and! plaque! development! using! in+ vivo! MicroYCT! imaging! and!
computational!fluid!dynamics.!This!was!a!followYup!study.!
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Furthermore,! relationship! between! shear! dependent! haemodynamic! metrics!
and! vulnerable! plaque! components,! namely! lipids! and! macrophages! was!
investigated!in!the!same!mouse!model.!!In!particular,!a!time!series!of!histology!
was! performed! and! lipids! and! macrophage! distributions! were! analysed! in!
relation! with! various! shearYbased! metrics! using! novel! 3D! visualisation! and!
rigorous! statistical!quantification! techniques.!This! study!aims! to! find!a! shear!
based!metric,! from! previously! established! and! two! novel!metrics! developed,!
that! can! best! predict! the! localisation! of! atherosclerosis! and! enhance! our!
understanding! of! the! relation! of! blood! flow! and! plaque! distribution! and!
composition.!!
Secondly,!as!coronary!vasculature!is!highy!susceptible!to!atherosclerotic!plaque!
development,! blood! flow! and! the! correlation! of! haemodynamic!metrics!with!
mechanically! induced! advanced! plaque! development! was! investigated! in!
coronary! arteries! of! hypercholesterolemic! pigs.!Novel! highYresolution! in+ vivo!
OCT! based! geometries! were! used! for! CFD.! Additionally,! the! computational!
framework!developed!was!applied!in!this!study!to!further!our!understanding!of!
the!relation!of!fluid!shear!and!advanced!atherosclerotic!plaque!formation!and!
to! attempt! a! predictive! analysis! of! plaque! localisation.! This! was! a! followYup!
study.!
Finally,! this! thesis! aims! to! show! the! feasibility! of! using! highYresolution!
longitudinal!in+vivo+ imaging!in!combination!with!a!computational!platform!to!
perform!mechanobiology!studies!at!a!highly! local! scale.!These!studies!aim!to!
further!our!understanding!of!plaque! formation,!progression!and!composition!
in! relation! to! in+ vivo! haemodynamics! t0! eventually! contribute! to! elucidating!
underlying! disease! mechanisms! and! further! improving! treatment! strategies!
and!diagnostic!tools.!!
!!
!
!
!!
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Chapter(2!
Longitudinal+Prediction!of"Vulnerable"Plaque!
Development!in"a!Mouse&Model&of"
Atherosclerosis!! !
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This! chapter! presents! the! various! components! of! the! computational! framework!
that! have! been! integrated! to! compute! animal8specific! flow! fields! and! various!
haemodynamic!parameters!within!in#vivo!representations!of!instrumented!carotid!
arteries! of! mice.! ! Moreover,! this! chapter! aims! to! find! a! correlation! of! disease!
patterns!with!flow!mediated!forces!exerted!on!the!endothelium!by!the!blood!over!
the! course! of! plaque! development! using! a! novel! 3D! histology! mapping! and!
visualisation! technique! and! statistical! analysis.! This! study! is! being! readied! for!
manuscript.!!
!
Section! 2.1! gives! a! brief! introduction! to! the! chapter! and! reviews! some! of! the!
previous!literature!relevant!to!this!work.!The!workflow!of!in#vivo!image!acquisition!
to!computing!pulsatile!flow!fields,!the!3D!histology!technique!and!the!correlation!
analysis! has! been! explained! in! section! 2.2.! The! resulting! WSS! distributions,!
histological! data! along! with! the! findings! of! the! predictive! analysis! of! the! flow!
metrics!are!shown!in!section!2.3!and!the!obtained!results!are!discussed!in!section!
2.4!along!with!limitations!of!the!study.!
!
!
2.1!!!Introduction!
!!
Atherosclerosis!is!an!inflammatory!disease!characterised!by!a!local!accumulation!of!
lipids,! followed! by! margination! and! migration! of! monocytes! and! other! plaque!
components!in!the!vessel!wall.!Although!it!is!a!multifactorial!disease,!plaques!are!
only!observed! in! certain! regions!of! the! arterial! system,!particularly! in! curvatures!
and! branching! arteries,! which! cannot! be! explained! solely! by! the! systemic! risk!
factors! affecting! atherosclerosis! (e.g.,! hypercholesterolemia,! hypertension,!
diabetes).! It! has! been! accepted! that! –! at! least! partially! 8! the! non8uniform!
distribution!of!these!plaques!is!due!to!the!local!forces!exerted!on!the!endothelium!
by!the!flow!of!blood,!in!particular!WSS,!suggesting!an!important!role!of!blood!flow!
in!the!initiation!of!atherosclerosis.!Additionally,!WSS!perturbations!can!lead!to!the!
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development!of!different!plaque!phenotypes,!in!particular!the!vulnerable!rupture8
prone! plaque! phenotype!with! a! large! lipid! core,! high!macrophage! concentration!
and! lower! concentration! of! SMCs! forming! a! thin! fibrous! cap! over! the! plaque!
components,! and! the! stable! plaque! phenotype!with! lower! lipid! and!macrophage!
content!and!a!thick!smooth!muscle!layer.!These!plaque!phenotypes!may!occur!as!a!
result! of! endothelial! cells! behaving! differently! in! morphology,! cellular! and!
molecular! functions,! known! as! endothelial! dysfunction! resulting! from! the!
interaction!of!risk!factors!and!variable!flow!conditions!(see!section!1.6)!
!
In!the!seventies,!Caro!et!el!proposed!that!atherosclerotic!lesions!develop!in!regions!
of! the! vasculature!where!WSS! is! low! or! oscillatory! (Caro! et! al.! 1969;! Caro! et! al.!
1971).! While! postulated! initially! as! a! shear8dependent! lipid8transport! theory,!
research! over! the! years! has! supported! Caro’s! hypothesis! but! there! have! been!
modifications! to! the! specific! mechanisms! of! mass! transport! proposed.! The! low!
shear! stress! theory,! however,! is! now! well! accepted! in! the! field! and! appears! to!
explain!the!patchy!distribution!of!the!atherosclerotic!lesions.!A!number!of!studies!
have! attempted! to! correlate! plaque! localisation! to! haemodynamic! forces,! either!
anatomically! (Ravensbergen! et! al.! 1998)! or! using! computational! fluid! dynamics!
(reviewed! in! chapter! 1).!However,! a!majority! of! them! have! been! performed! at! a!
single!stage!of!disease!development,!owing!to!the!post!mortem!or!invasiveness!of!
the! imaging! techniques! used! to! acquire! realistic! geometries! of! the! vasculature.!
Additionally,!the!studies!have!implemented!a!number!of!data!averaging!techniques!
either! circumferentially,! axially! or! over! large! spatial! “patches”! or! regions! to!
quantify! co8localisation! of! lesion! distributions! and! haemodynamic!metrics,! thus!
failing! to! capture! the! local! (point8to8point)! heterogeneity! of! plaque! composition!
and!pro8atherosclerotic!cellular!behavior! (see! section! 1.7).!Furthermore,!although!
there! have! been! a! number! of! WSS! based! metrics! that! have! been! identified! as!
possible! indicators! for! predicting! plaque! localisation,! there! is! not! one! optimal!
shear! metric! which! has! been! shown! to! best! correlate! the! flow! mechanics! with!
plaque! biology.! Owing! to! the! heterogeneous! nature! of! atherosclerotic! lesion!
composition!and! localisation,! it! is!vitally! important! to! investigate!how!metrics!of!
perturbed!haemodynamics! localise!with! lesion!constituents!over! time!to!enhance!
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our!understanding!of!the!mechanisms!involved!in!atherogenesis.!To!examine!this!
relationship!rigorously,!there!is!also!a!need!to!be!able!to!quantify!metrics!of!both!
the!mechanics!and! the!biology!on!a!point8to8point! level!of! resolution.! !Although!
there!have!been!some!previous!studies!that!have!attempted!correlation!at!this!level!
of!resolution,!to!the!author’s!knowledge!none!of!them!have!been!performed!over!
time,!and!in!a!mouse!model!of!atherosclerosis.!
!
A!review!of!the!relevant!studies!that!have!attempted!to!compute!the!flow!fields!in!
mouse!vasculature!revealed!a!majority!of!studies!applied!vascular!corrosion!casting!
techniques! in! conjunction! with! ex# vivo! micro8CT! imaging! (Table! 2)! to! generate!
computational!models!of!the!region!of!interest,!the!aorta!being!studied!the!most.!
An!exception!to!the!use!of!ex#vivo!imaging!techniques!is!a!recently!published!study!
by! Trachet! et! al.! (Trachet! et! al.! 2014),! who! has! performed! in# vivo! micro8CT! to!
reconstruct! the!mouse! aorta! and! relate! the! localisation! of! aneurysms! to! various!
haemodynamic! metrics.! However,! they! did! not! find! any! significant! correlation!
between! the! location! of! abdominal! aneurysms! and! the! regions! of! low! shear.! ! In!
these!studies!the!vessel!anatomy!were!used!as!perturbation!of!the!velocity!field.!As!
the! anatomy! is! variable,! it! might! obscure! correlation! between! the! shear! stress!
metrics!and!plaque!composition.!Herein,!we!use!a!tapered!cuff!placed!around!the!
left! carotid! artery! of! hypercholesteremic! ApoE8/8! mouse! to! perturb! the!
haemodynamics!and!study!its!effect!on!the!acceleration!of!atherosclerosis!using!in#
vivo! imaging,!CFD!and!3D!histology.!We!aim!to! find!a!quantitative! link!between!
various! metrics! of! perturbed! haemodynamics! and! distributions! of! lesion!
constituents!on!a!point8by8point!basis!by!applying!a!new!computational!platform!
to! best! predict! local! areas! of! plaque! formation.! This! will! enhance! our!
understanding!of!disease!progression!with!perturbed!flow!and!shear!stress,!fitting!
in!with!our!global!hypothesis.!
!
!
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Table!2:!Review!of!studies!using!image!based!CFD!in!the!cardiovascular!system!of!
mice!
!
!
!
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2.2#!!Methods(!
!
The!following!section!describes!the!methods!in!detail.!I!would!like!to!acknowledge!
Dr.! Ryan! Pedrigi! for! helping! with! the! data! analysis/statistics,! cryosectioning! of!
arteries! and! the! 3DHistology! co8registration,! Dr! Enrico! Petretto! for! help! with!
setting! up! the! statistics,! Dr.Jordi! Lopez! Tremoleda! and! Dr.! Willy! Gsell! for!
assistance! during! the! in# vivo! imaging! experiments,! Dr.Zahra! Mohri! for! cuff!
surgeries!and!Dr.!Sandra!Bovens!for!assistance!with!cuff!surgeries,!animal!handling!
and!assistance!with!histology!processing.!!
2.2.1!!!Animal!Treatment!and!Cuff!Surgery!
!
!
ApoE8/8!mice!(~10!weeks!old)!were!commercially!obtained!from!Harlons!Olac!Ltd.!
and!housed!in!the!animal!unit!at!the!South!Kensington!campus!and!Hammersmith!
Hospital! campus,! Imperial! College! London.! ! A! colony! was! maintained! and!
offspring! were! used! for! all! future! experiments! in! order! to! maintain! consistent!
conditions!for!all!experimental!animals.!A!maximum!of!5!animals!were!placed!in!a!
single!cage!and!were!provided!with!food!and!water!ad!libitum.!Animal!care!and!all!
experimental! procedures! complied! with! the! Animals! (Scientific! Procedures)! Act!
1986! and! were! approved! by! the! Home! Office,! UK.! Female! ApoE8/8!mice! (20823!
grams! in!weight)!were! used! for! all! experiments.! They!were! placed! on! a! high8fat!
Western8type!diet!(Lillico!Biotech,UK)!at!the!age!of!11!weeks.!Two!weeks!later,!the!
mice!went! through! the! surgical! procedure! of! placing! the! flow8modifying! cuff! on!
the!left!carotid!arteries.!The!cuff!is!made!up!of!two!thermoplastic!polyetherketone!
cylindrical!halves!with!a!conical!lumen!that!tapers!from!500!µm!at!the!base!to!250!
µm!at! the! throat! of! the! cuff.! Placement! of! the! cuff! imposes! a! fixed! geometry! by!
creating! a! gradual! flow8limiting! stenosis! (~70%)! in! the! artery,! leading! to! three!
distinct! regions!of! shear!stress.!The! flow! limiting!stenosis! leads! to!a! reduction! in!
flow! upstream! of! the! cuff,! leading! to! low! shear! stress! magnitudes.! High! shear!
stresses! are! produced! in! the! arterial! segment! within! the! cuff,! while! vortex!
generation! downstream! of! the! cuff! causes! low! oscillatory! shear! stress! in! that!
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arterial!segment,!as!shown!previously!by!Cheng!et!al!(Cheng!2006)!(Figure!9).!The!
downstream!vortices!are!generated!due!to!a!combination!of!the!flow!acceleration!
at!the!exit!of!the!cuff,!the!angle!of!the!flow!and!the!inertia!of!blood.!Depending!on!
the!angle!of!the!flow,!the!jet!phenomenon!of!the!flow!at!the!cuff!exit!might!lead!to!
the! flow! impinging!on!one!part!of! the!wall,! eventually!breaking!down! leading! to!
flow!separation!and!the!development!of!a!vortex!or!recirculation!zone!immediately!
downstream! of! the! stenosis.! The! endothelial! cells! lining! the! artery! in! areas! of!
vortices! or! recirculation! experience! a! directional! change! in! the! velocity! and! the!
shear! stress!magnitudes! during! the! different! phases! of! the! cardiac! cycle,! due! to!
changes! in! the!size!of! the! recirculation!zone,! thus!giving!rise! to!oscillatory!shear!
stress.!These!shear!stresses!are!particularly!found!at!the!point!of!flow!reversal.!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!!
Figure! 9:! Left! murine! carotid! artery! fitted! with! perivascular! cuff! inducing! three!
distinct! regions!of!wall! shear! stress! 8!Upstream!region!with! lowered!shear! stress,!
cuffed!region!with!high!shear!stress!and!downstream!region!with!oscillatory!shear!
stress.! In! comparison,! the! uninstrumented! right! carotid! artery! displays!
undisturbed!laminar!flow.!
!
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All!mice!were!weighed!prior! to! the! surgical! procedure.!Anaesthesia!was! induced!
with! an! intra8peritoneal! injection! of! a! solution! containing! Domitor,! Hypnovel,!
Vetergesic,! and! saline! in! ratios! depending! on! their! body!weight! (Table! 3).! They!
were!then!placed!on!a!heating!pad!to!maintain!their!body!temperature!during!the!
surgical!procedure.!Fur!was!removed!in!the!neck!region!from!the!mandible!to!the!
sternum! using! a! commercially! available! hair! removal! cream! or! by! use! of! a! fine!
electric!shaver.!Following!an!incision!in!the!neck!region,!the!subcutaneous!tissue!
was!teased!open,!giving!access!to!the!parotid!gland.!The!gland!was!carefully!lifted!
and!rested!out!of!the!incision!while!being!continuously!hydrated,!following!which!
the! deeply! seated! left! carotid! artery! and! trachea! region!were! exposed!by! teasing!
through!the!tissue.!!The!perivascular!cuff!was!then!placed!around!the!left!common!
carotid!artery!(the!contralateral!right!carotid!artery!is!used!as!the!control!vessel),!
held! firmly! in! place! by! a! suture,! with! care! taken! to! maintain! at! least! a! ~1! mm!
distance!from!the!carotid!bifurcation.!The!parotid!gland!was!gently!moved!back!in!
its!original!position!before!suturing!the!neck!wound.!Post8surgery,!a!subcutaneous!
injection!of!Antisedan!and!Anexate!mixture!was!given!to!the!animals!(Table!4)!to!
antagonise!the!anesthetic!and!minimise!the!period!of!anaesthesia!for!the!animals.!
Ear! notches! were! made! for! identification! purposes! and! tissue! was! subsequently!
used!for!genotyping.!The!animals!were!then!allowed!a!minimum!recovery!period!of!
24848!hours!before!performing!further!experiments.!The!entire!surgical!procedure!
was!performed!under!sterile!conditions.!
!
!
Table!3:!Anaesthesia!makeup!and!injection!volumes!by!mouse!body!weight!
!
Body!
Weight!
(gms)!
!
Medetomidine!
Domitor!
(0.5mg/kg)!
Midazolam!
Hypnovel!
(5mg/kg)!
Buprenorphine!
Vetergesic!
!(0.1!mg/kg)!
Saline!!
(1:1)!
Injection!
volume!
per!
mouse!!
20! 10!µl! 20!µl! 20!µl! 50!µl! 100!µl!
25! 12.5!µl! 25!µl! 25!µl! 62.5!µl! 125!µl!
30! 15!µl! 30!µl! 30!µl! 75!µl! 150!µl!
!
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Table!4:!Antagonist!makeup!and!injection!volumes!by!mouse!body!weight!
!
Body!
Weight!
(gm)!
!
Atipamezole!
Antisedan!!
(5!mg/kg)!
!
Flumazenil!!
Anexate!
!(1!mg/kg)!
!
Injection!
volume!per!
mouse!!
!
20! 20!µl! 200!µl! 220!µl!
25! 25!µl! 250!µl! 275!µl!
30! 30!µl! 300!µl! 330!µl!
!
!
2.2.2!!!Longitudinal!in!vivo!microOCT!Imaging!
!
Imaging! experiments! were! conducted! at! the! Biological! Imaging! Centre,!
Hammersmith!Hospital,!London.!13!female!ApoE8/8!mice!were!divided!into!2!groups!
and!scanned!serially!from!3!to!9!weeks!post!cuff!instrumentation.!The!division!of!
mice!into!groups!served!two!purposes.!Firstly,!this!was!done!to!minimise!radiation!
exposure! to! the! animals! due! to! repeated! scanning! over! 9! weeks,! while! still!
obtaining!data! at! all! time!points! (Table! 6).! Secondly,! this! strategy! allowed!more!
flexibility!and!faster!acquisition!of!data!over!the!duration!of!the!experiments!as!the!
Biological!Imaging!Centre!was!to!shut!down,!imminently!causing!a!lack!of!scanner!
availability! and! overall! difficulties! in! daily! operations! of! the! facilities.! ! !Group!A!
(n=7)!was! scanned!at! 3!weeks,! 7!weeks! and!9!weeks!post! surgery!while!Group!B!
(n=6)!was!scanned!at!5!weeks,!6!weeks!and!8!weeks!post!surgery.!Group!A!had!7!
animals!in!comparison!to!group!B!due!to!the!addition!of!1!animal!that!needed!to!be!
scanned! at! 3! weeks! to! cover! the! loss! of! data! from! 1! previously! imaged! animal.!
Additionally,! two!animals! that!were!on! the!high! fat!diet! for! 3!weeks!but!did!not!
undergo!the!surgery!were!also!scanned!at!3!weeks.!They!served!as!baselines!(Base1!
and!Base2).!!The!goal!was!to!obtain!3!usable!datasets!at!each!time!point.!However!
additional!animals!were!scanned!in!case!of!data!loss.!A!total!of!17!usable!datasets!
were!obtained!over!time!(Table!6).!!
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Immediately!prior!to!the!scans,!the!animals!were!weighed!(range!of!19.9!to!
24.2! gms)! and! anesthetised! using! Isoflurane! (5%! for! induction! and! 1.5%! for!
maintenance!in!100%!Oxygen!with!a!flow!rate!of!1.5!L/min).!!Following!anaesthesia,!
hair!clippers!were!used!to!clear!the!areas!near!the!chest!and!the!base!of!the!hind!
limb.! The! ECG! pediatric! surface! electrodes! (3M! pediatric! electrodes,! USA)! were!
placed!on!the!skin!and!kept!in!position!by!medical!tape.!A!bolus!injection!of!100!µl!
Viscover!ExiTron!nano!12000!(Miltenyi!Biotec,!Germany),!an!alkaline!earth!metal8
based! nanoparticular! contrast! agent! was! intravenously! administered! via! the! tail!
vein.! This! blood8pool! contrast! agent! provides! high! soft! tissue! contrast! for! 488!
hours,!significantly!improving!visualisation!of!the!vasculature!in!mice!with!a!small!
injection! volume! due! to! its! high!metal! load.! The! nanoparticles! are! taken! up! by!
Kupffer! cells! and! they! are! circulated! in! the! bloodstream! from!8824! hours! before!
accumulating! in!the! liver!and!spleen(Boll!et!al.!2011).!The!animal!was!placed! into!
the! CT! scanner! on! the! mouse! bed! equipped! with! face! mask,! respiratory! pillow!
(M2M,!USA)!and!electrical!heating!pad!(37°C).!Finally,!the!animal!was!centered!in!
the!CT!field!of!view!using!laser!alignment!(Siemens!Inveon).!!The!field!of!view!was!
selected! from! the! aortic! arch! to! the! carotid! artery! bifurcations! and! both! the!
instrumented! (left)!and!contralateral! control! (right)!carotid!arteries!were! imaged!
with!the!parameters!mentioned!below.!!!
!
The! in# vivo! CT! imaging! protocol! involved! ECG! and! respiration! dual8gated!
acquisition!of!projections!during!diastole,!taken!at!2!degree!intervals!over!the!360!
degrees! rotation.! Each! projection! is! the! summation! of! 4! acquisitions! of! 50! ms!
exposure! time! with! 80! V! tube! voltage! and! 500! µA! tube! current.! X8ray! detector!
binning!was!set!to!2,!which!conferred!an!isotropic!spatial!resolution!of!39.61!µm.!In!
order! to! reduce! the! radiation! exposure! to! the! animals! and! facilitate! follow8up!
scanning,!the!scanner!mode!was!converted!from!conventional!helical!scanning!to!
step8and8shoot!mode!with!a!settle!time!of!150!ms!(this!conversion!also!limited!the!
vibration!induced!by!the!rotation!of!the!gantry,!hence!minimising!motion!blurring!
artifacts).! This!mode! acquires! images! only! at! specific! points! in! the! cardiac! cycle!
(triggered! by! R8peak! in! the! ECG! trace).! The! scan! time! for! each! animal! was!
approximately! 35! minutes.! The! animals! body! temperature,! ECG! and! respiration!
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rates!were!continuously!monitored!during!the!scan.!The!CT!scan!projections!were!
reconstructed! using! a! filtered! back8projection! based! method! modified! from! the!
Feldkamp!algorithm!with!no!down8sampling,!a!bilinear!interpolation!and!a!Shepp8
Logan! filter! with! proprietary! software! (COBRA! Exxim,! Exxim! Computing! Corp.,!
CA,USA).!Polynomial!based!soft!tissue!beam!hardening!correction!was!applied!to!
the!projection!data!for!CT!angiography!and!images!were!exported!as!DICOM!files.!!
The! resulting! DICOM! datasets! were! approximately! 1.5! GB! each,! containing! 512!
images!of!768!x!768!pixels.!!
!
!
!
2.2.3!!!Longitudinal!in!vivo!Velocity!Measurements!
!
!
All! in# vivo! velocity!measurements! in! the!murine! carotid! arteries!were!performed!
using! Doppler! Ultrasound.! Measurements! were! made! for! all! mice! that! were!
scanned!with!in#vivo!micro8CT!including!baselines!(n=2)!and!post8surgery!animals!
at!3!weeks!(n=5),!5!weeks!(n=4),!6!weeks!(n=3),!7!weeks!(n=4),!8!weeks!(n=4)!and!9!
weeks!(n=3),!resulting!in!a!total!of!25!datasets.!An!overview!of!the!in#vivo!imaging!
and!velocity!data!obtained!is!shown!at!the!end!of!this!section!(Table!6).!Due!to!the!
longitudinal! nature! of! this! study,! in! order! to! increase! the! likelihood!of! the!mice!
surviving!multiple!imaging!scans,!the!ultrasound!scan!was!usually!performed!after!
a!minimum! of! 24! hours! recovery! post! the! CT! scan,! although! in! some! cases! the!
velocity! measurements! were! made! prior! to! the! micro8CT! imaging! scans! due! to!
scanner!availability.!The!animal!was!anaesthetised!using!Isoflurane!(2%!inhalation)!
and!placed!on!the!animal!bed!in!a!supine!position!with!its!paws!taped!to!the!ECG!
electrodes!for!direct!contact!(Figure!10).!The!body!temperature!of!the!animal!was!
continuously!monitored! using! a! rectal! probe! (Indus! Instruments,! Houston,! TX).!
Hair! from! the! neck! region! of! the! animal! was! removed! using! a! chemical! hair!
removal! cream! (Veet,!Reckitt!Benckiser!North!America,! Inc,!Persippany,!NJ)! and!
the! region! was! covered! with! a! layer! of! pre8warmed! ultrasound! transmission! gel!
(Aquasonic! 100,Parker,!Orange,!NJ)! to!serve!as!a!good!acoustic!coupling!medium!
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between!the!transducer!and!skin!over!the!region!of!the!carotid!arteries.!Ultrasound!
was!performed!using! the!high!resolution! imaging!system!Vevo!770!(Visualsonics,!
Toronto,! Canada)! RMV707B! transducer!with! a! broadband! frequency! of! up! to! 45!
MHz!(see!Table!5!for!the!probe!specifications).!
!
!
Table!5:!!Ultrasound!transducer!properties!
Model!
Broadband!
Frequency!
(MHz)!
Center!
Frequency!
Axial!
Resolution!
Lateral!
Resolution!
Focal!
Length!
Depth!of!
Field!
Field!of!
view!
(MHz)! (µm)! (µm)! (mm)! (mm)! (mm)!
RMV707B! Up!to!45! 30! 55! 115! 12.7! 2.2! 16.5!
!
!
Figure! 10:! Ultrasound! imaging! configuration.! A! 8! The! animal! bed! can! be!
manipulated!to!direct!the!ultrasound!beam.!The!ultrasound!transducer!is!fixed!in!
position! on! the! overhead! holder! (indicated! by! red! arrow)! that! can! also! be!
directionally! aligned! by! the! user.! B! 8! Anesthetized! animal! is! placed! in! a! supine!
position!with!the!paws!in!contact!with!the!ECG/Respiratory!electrodes.!
!
Initially,! B8mode! imaging!was!used! for! anatomically! locating! and! identifying! the!
base!of!the!right!common!carotid!artery!(RCCA)!and!the!entry!of!the!left!common!
carotid!artery!(LCCA)!from!the!aortic!arch.!Pulsed!Doppler!mode!was!then!applied!
A B
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to!measure!the!blood!flow!velocity!at!1!proximal!location!in!the!RCCA!immediately!
after!the!right!subclavian!branch!(location!1!8!Figure!11)!which!serves!as!the!inflow!
velocity! and! another!measurement!made! at! location! 2! in! the!LCCA,! towards! the!
base! of! the! artery! (Figure! 11).! ! The! Doppler! imaging! sample! volume! size! was!
adjusted! according! to! the! vessel! diameter! and! was! placed! in! the! center! of! the!
vessels.!
!
!
Figure!11:! Illustration!of!the!mouse!carotid!arteries!showing!the!location!of!the! in#
vivo!Ultrasound!Doppler!velocity!measurements!marked!1!and!2!at!the!entrance!of!
the!right!and!left!common!carotid!arteries!respectively.!
!
In! order! to! obtain! accurate!Doppler! velocity!measurements,! the!mouse! bed!was!
manipulated!so!that!the!vessel!being!imaged!was!maintained!as!closely!parallel!to!
the!direction!of!the!ultrasound!beam!as!possible,!i.e!the!angle!of!incidence!between!
the! ultrasound! beam! and! the! blood! flow! direction! in! the! imaged! vessel! was!
minimised! and!maintained!within! tolerance! levels! of! the! software.! For! the!most!
accurate! measurements,! this! angle! needed! to! be! <! 60°! as! prescribed! by! the!
manufacturer.!For!all!the!Doppler!velocity!measurements!performed,!this!limit!was!
Aortic Arch 
Right Carotid 
Artery 
Left Carotid 
Artery 
Cuff 
Brachiocephalic 
Artery 
Right 
Subclavian 
Artery 
Left 
Subclavian 
Artery 
1 
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adhered!to!in!order!to!achieve!accurate!measurements.!However,!in!most!cases!it!
was! extremely! challenging! to! measure! velocities! in! the! branches! of! the! carotid!
bifurcation! (internal! and! external! carotid! artery)! owing! to! their! small! size! and!
location! deep! in! the! head! region! and!was! hence! not! performed! to! avoid! longer!
imaging!scan!times!and!inaccuracy!of!the!measurements.!
!
Post!the!velocity!measurements,!wall!thickness!measurements!were!made!using!M8
mode! imaging! upstream! of! the! perivascular! cuff! in! the! LCCA! and! in! the!
corresponding! location! in! the! RCCA.! M8mode! imaging! provides! the! temporal!
change!of!a!target!position!or!tissue,!in!this!case!the!carotid!arteries.!The!targeted!
areas! were! perpendicular! to! the! ultrasound! beam! for! these! measurements.! The!
repetition! frequency! for!M8mode! imaging!was! 1000!Hz.! Information! that! can! be!
obtained! from! an! M8mode! echocardiogram! includes! artery! wall! thickness! at!
various! time! points! throughout! the! cardiac! cycle,! but! most! commonly! at! end!
systole!and!diastole! (Cootney!2001)! (Figure! 12),!adapted! from!(Ruengsakulrach!et!
al.! 2008).! The! ultrasound! imaging! scan! time! for! each!mouse! ranged! from! 45860!
minutes.!
!
!
Figure! 12:! Illustration! of! diameter! measurements! in! a! mouse! aorta! made! by!M8
mode!Ultrasound!Biomicroscopy,!seen!at!systole!and!diastole.!Figure!adapted!from!
Ruengsakulrach!et!al,!2008.!!
!!
LUMEN&
WALL&
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!
!
!
Table!6:!Overview!of!acquired!data!from!in#vivo!experiments!at!all!time!points.!
!
!
! 99!
2.2.4$$$Carotid$Artery$Segmentation$and$3D$Reconstruction$
!
Since! the! left! carotid! artery!with! the! cuff!was!our! artery!of! interest,!we! chose! to!
segment! the! anatomical! region! from! the!base!of! the! carotid! artery! (at! the! aortic!
arch)! to! the! carotid! artery! bifurcation! forming! the! internal! and! external! carotid!
artery.!The!right!carotid!artery!was!also!segmented!to!serve!as!the!control!model,!
although! the! models! were! truncated! at! the! location! of! the! ultrasound! velocity!
measurement!(i.e.!~1!mm!upstream!from!the!right!subclavian!branch).!A!total!of!34!
(17!left!and!17!right)!arteries!were!segmented!for!further!processing.!
!
Segmentation!was!performed!using!the!openware!image!analysis!software!Vascular!
Modeling!Toolkit! (VMTK)! (www.vmtk.org),!which!applies! level! set! segmentation!
techniques.! The! following! steps! describe! the! process.! Each! DICOM! directory!
containing!the!CT!data!is!loaded!into!VMTK!to!visualise!the!carotid!anatomy!in!3D.!
As!the!region!of!interest!contains!the!pair!of!carotid!arteries,!the!image!datasets!are!
cropped! and! the! vmtkimagevoiselector! command! is! used! to! extract! the!
volume!of!interest!(Figure!13).!!
!
!
Figure!13:!Left!–!In#vivo!murine!microRCT!dataset!showing!3!orthogonal!planes!and!
the! region! of! interest! highlighted! in! red.! The! carotid! arteries! can! be! clearly!
visualised!due! to! the! vascular! contrast! agent! and! the! radiopaque! flowRmodifying!
cuff!is!indicated!by!the!yellow!arrow.!Right!–!Final!volume!of!interest!used!for!the!
segmentation!procedure,!also!indicating!the!cuff!on!the!left!carotid!artery.!
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The!dataset!is!initially!probed!for!the!image!intensities!at!various!points!along!the!
length! of! the! vessel! to! determine! a! suitable!maximum! and!minimum! threshold!
limit!for!segmentation.!In!regions!where!the!grey!level!intensities!of!the!lumen!are!
similar!to!the!surrounding!soft!tissue! intensities!(or!softRtissue!contrast! is! low),!a!
combination! of! techniques! is! needed! as! thresholding! alone! fails! to! isolate! the!
vessel! from! the! surrounding! tissue.!This! allows! for! an! accurate! representation!of!
the!geometry.!The!vmtklevelsetsegmentation!command!is!used!to!begin!the!
initialisation!of!the!model.!The!colliding!fronts!method!of!initialisation!is!used.!It!
requires!the!placement!of!2!seed!points!within!the!image!to!be!segmented!(figure!
14).!A!source!and!target!seed!point!is!placed!in!the!carotid!artery!and!an!initial!3D!
deformable!model!of!the!region!between!the!seed!points!is!obtained!from!all!pixels!
within!the!threshold!limits!specified,!using!this!method!of!initialization.!It!should!
be!noted!that! in# vivo! images!are!susceptible!to!contrast! ‘leakiness’! in!areas!where!
nearby! blood! vessels! might! be! difficult! to! isolate.! Also,! signal! intensities! may!
slightly!vary!along! the! length!of! the!carotid!artery.!A!global! threshold!might!not!
apply! to! the! entire! length! of! the! artery! and! hence! local! thresholds! need! to! be!
specified.! The!model! can! be! generated! by! continuous! repetition! of! the! colliding!
fronts! method! to! segment! smaller! regions! with! a! combination! of! appropriate!
thresholding.! The! segmented! regions! are! then! merged! together! to! obtain! the!
complete!initialised!model!of!the!carotid!arteries,!including!the!carotid!bifurcation.!!!
!
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Figure!14:!Intermediate!reconstruction!showing!2!seed!points!(in!red)!used!in!the!
colliding!fronts!initialization!method!used!to!isolate!a!small!region!upstream!and!
downstream! of! the! cuff! ! (indicated! by! yellow! arrow).! The! gradual! taper! of! the!
artery! within! the! cuff! is! clearly! picked! up! by! the! segmentation! method.! The!
displayed! reconstruction! is! an! initial!model,!which! is! then! combined!with! other!
regions!to!create!the!final!segmented!model!of!the!carotid!artery.$
!
The! output! from! the! vmtklevelsetsegmentation! module! is! an! image.! The!
surface! of! the! vessel! lumen! is! the! zeroRlevel! intensity! of! that! image,! which! is!
extracted! by! the! marching! cube! algorithm! using! the! vmtkmarchingcube!
command.!The!output!of!this!command!often!results!in!an!uneven!lumen!surface!
(Figure! 15).! This! is! followed! by! a! Taubin! smoothing! step! using! the!
vmtksurfacesmoothing!module!to!even!out!the!bumps!on!the!surface!that!are!
physiologically!unrealistic,! taking!care!not!to!artificially!shrink!the! lumen!surface!
by!oversmoothing.!The!surface!was!smoothed!with!100!iterations!and!a!spatial!pass!
band!of!0.03!internal!VMTK!units!was!used!in!majority!of!the!cases.!When!the!3D!
model! is! determined! to! be! sufficiently! accurate,! the! ends! are! clipped!
(vmtksurfaceclipper)!orthogonal!to!the!vessel!centerline!and!exported!as!an!
STL!file!to!be!used!for!CFD!simulations!(Figure!15).!!
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!
Figure!15:!Left!–!Initial!deformable!model!of!the!left!carotid!artery!from!the!aortic!
arch!to!the!internal!and!external!carotid!arteries.!The!cuff!is!demarcated!in!yellow.!
Right!–!Final!3D!carotid!artery!reconstructions!(left!and!right)!from! in#vivo!micro!
CT!images!superimposed!onto!the!3D!raw!CT!image!dataset.!
!
Phantom$Design$and$Validation$
!
In! order! to! perform! reliable! imageRbased! CFD! simulations! in! mice,! it! is! vitally!
important!to!have!an!accurate!3D!geometrical!model!of!the!vessel!of!interest!from!
the!medical!images.!The!key!factor!in!reproducing!precise!vessel!geometries!from!
in# vivo! imaging! techniques! is! high! spatial! resolution.! A! poor! resolution!will! not!
pick! up! the! smallRscale! features! of! the! geometry! and! will! also! limit! the! image!
segmentation! algorithms! and! hence,! the! 3D! reconstruction.! These! smallRscale!
features! are! important! as! the! blood! flow! patterns! and! related! haemodynamic!
parameters! like!WSS!are!highly!geometry!dependent.!WSS! is! inherently!sensitive!
to!changes!in!flow!patterns!and!vessel!geometry.!According!to!the!Hagen!Poiseuille!
equation,!the!wall!shear!stress!rate!(τ)!scales!with!the!cube!of!the!radius!(r3)!in!fully!
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developed! flow,! so! relatively! small! errors! in! artery! dimensions! translate! into!
substantially!larger!errors!in!estimating!the!wall!shear.!(J.!A.!Moore,!Steinman,!et!
al.!1999b).!Since!the!in#vivo!imaging!protocol!is!optimized!to!achieve!a!high!spatial!
resolution! of! ~40! μm,! it! is! equally! important! to! optimize! the! segmentation!
protocols! and! smoothing! parameters! in! VMTK! to! minimise! errors! of! murine!
carotid!arteries!reconstructions.!!
!
In!order!to!test!the!segmentation!and!reconstruction!process,!a!phantom!made!of!7!
glass! capillaries! (Capillary! Tube! Supplies! Ltd,! UK)! of! known! internal! diameters!
(IDs),! closely! matching! the! diameters! of! murine! blood! vessels! was! constructed.!!
The!capillaries!(3!with!ID!0.5!mm,!2!with!ID!1.0!mm!and!2!with!ID!1.5!mm)!were!
filled!with!contrast!agent!Ultravist!370!diluted!with!water!in!ratios!of!1:2,!1:3!and!1:4.!
A! combined! PET/CT! preclinical! scanner! was! used! (Inveon,! Siemens! Preclinical!
Solutions,! Inc)! to!perform!CT!angiography!using! the! following!parameters:!XRray!
source!set!to!80kVp!and!500!μA,!220!projections!over!220!degrees!and!an!exposure!
time!of!200!ms!to!obtain!a!final!isotropic!resolution!of!103!μm.!The!3D!models!of!
the!capillaries!were!reconstructed!using!image!segmentation!software!VMTK,!and!
the! IDs! were! measured! using! ImageJ! (Abràmoff! et! al.! 2004)! to! quantify! the!
percentage!error!in!the!dimensions.!!
!
A! second!phantom!was!designed! in!order! to! test! the!new!contrast! agent!Exitron!
nano!12000!and!the!reconstruction!and!smoothing!accuracy!used!in!VMTK!for!the!
in# vivo! experiments.! The! phantom!was! designed! in! SolidWorks! to! produce! a! 3D!
curved! artery! segment! and! it! was! 3D! printed! using! rapid! prototyping.! It! had! a!
known!internal!diameter!of!3.5!mm.!It!was!filled!with!the!blood!pool!contrast!agent!
Exitron! nano12000! (Viscover! Imaging)! and! CT!Angiography!was! performed!with!
the! same! imaging! parameters! used! in! the! in# vivo! imaging! experiments! as!
mentioned! in!section!2.2.2.!The! final! isotropic! resolution!of! the! images!was!39.61!
µm.!The!DICOM!data!was! loaded! in!VMTK!and! the!phantom!was! reconstructed!
with! the! same! workflow.! Smoothing! was! performed! with! internal! VMTK! units!
ranging!from!0.008!to!0.04!and!number!of!smoothing!iterations!ranging!from!75!to!
300.! Internal! diameters! were! measured! for! 24! model! variations! at! the! same!
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location! and! percentage! error! was! quantified! to! determine! the! acceptable!
smoothing! parameters! for! murine! experiments! in! order! to! minimise! the!
dimensional!error.!See!Appendix!A!for!results.!
$
2.2.5$$$Meshing$
!
!
Once! the!STL! file!of! the!carotid!artery!geometry!has!been!exported! from!VMTK,!
the! next! step! is! to! align! the! inlet! of! the! artery! along! a! certain! axis! in! order! to!
accurately! prescribe! the! inlet! velocity! boundary! condition.! ! Thus,! the! STL! file! is!
imported!into!Meshlab,!an!open!source!mesh!editing!and!processing!software.!The!
geometry! is! manipulated! in! 3D! space! by! using! the! rotation! and! translation!
functions;! the! center! of! the! inlet! is! placed! at! the! origin! and! the! vessel! axis! is!
aligned! to! the! XRaxis.! This! is! done! in! order! to! avoid! prescribing! secondary!
components! of! the! velocity! in! the! Y! and! Z! direction! thereby! improving! the!
accuracy! of! the! velocity! boundary! condition! at! each! time! step! of! the! transient!
simulation! that! followed.! ! The! aligned! geometry! is! now! exported! in! the! same!
format!(.stl)!and!imported!into!the!meshing!software!ICEM!CFD!13.0!(Ansys,!USA).!!
!
!
All!the!segmented!geometries!included!the!common!carotid!artery!(inlet)!and!the!
internal!(outlet!1)!and!external!(outlet!2)!carotid!artery!branches.!!Flow!extensions!
were!added!to!the!ends!of!each!geometry!by!extruding!the!inlet!and!outlet!surfaces!
over! a! distance! of! 1.5D! and! 7D! respectively,! where! D! is! the! diameter! of! the!
respective! inlet! and! outlet! surfaces.! The! aligned! meshes! with! the! geometry!
extensions! were! then! imported! into! the! final! meshing! interface! Gambit! 2.4.6!
(Fluent!Inc,!Ansys,!USA).!The!surface!of!the!flow!extensions!of!each!geometry!was!
meshed!with!quadrilateral!elements!while!the!surface!of!the!common!carotid!and!
carotid! branches! were! meshed! with! triangular! elements! with! a! maximum! edge!
length!of! 0.04!mm.!A!boundary! layer! consisting!of! 6! rows!of!prismatic! elements!
with!initial!height!of!0.005!mm!and!growth!rate!of!1.2!was!added!to!the!walls!of!the!
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geometry.! This! is! done! to! increase! the! density! of! the!mesh! close! to! the!walls! in!
order! to! accurately! solve! the! flow!variables! (e.g.,! shear! stress)! closer! to! the!wall.!
The! volume! of! the! common! carotid! and! internal! and! external! branches! were!
meshed!with!tetrahedral!elements.!The!mesh!quality!was!checked!by!quantifying!
the!skewness! (Equiangle!Skew)!of! the!volume!elements.!The!maximum!skewness!
allowed!was!0.85.!A!Laplacian!smoothing!step!was!applied!globally!over!the!mesh!
in! cases! where! the! skewness! exceeded! the! selected! threshold.! ! Finally,! the!
boundary! zones! were! prescribed! on! the! wall,! inlet! and! outlets! for! the! solver! to!
correctly!identify!them!and!apply!the!corresponding!boundary!condition.!!A!total!
of!38!geometries!(left!and!right!carotid!arteries)!were!meshed.!Mesh!independence!
tests!were! carried! out! for! a! representative! cuffed! artery.!Details! can! be! found! in!
appendix!A.!
!
!
2.2.6$$$Computational$Fluid$Dynamics$(CFD)$
!
!
!
CFD! simulations! were! performed! on! all! 34! meshes! (17! instrumented! and! 17!
uninstrumented!arteries)!in!this!study!to!compute!the!shear!stress!at!every!point!in!
the! cuffed! and! control! carotid! arteries! of! our! mouse! model.! Fluent! 6.3! (Ansys,!
USA)!was!used! to! solve! the! threeRdimensional!unsteady!Navier! Stokes! equations!
for!the!flow.!All!simulations!were!run!on!an!Intel!Quad!Core!PC!with!8!GB!RAM!
memory!and!took!between!10R15!hours!per!simulation.!!
!
Boundary$Conditions$
!
The!fluid!(blood)!was!modeled!to!be!an!incompressible,!homogenous,!Newtonian!
fluid,!where!the!viscosity!is!constant!with!respect!to!the!shear!rate,!with!a!density!
of!1050!kg/m3.!Due!to!the!high!shear!rates!presented!in!the!murine!arterial!system,!
the! constant! kinematic! viscosity! of! 3.5! mPas! was! assumed! for! all! simulations.!
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(Feintuch! et! al.! 2006),! (Trachet! et! al.! 2011).! The!walls!were! considered! rigid! and!
stationary!with! a! zeroRvelocity! boundary! applied! to! satisfy! the!noRslip! condition.!
Transient!simulations!were!performed!for!all!models!considered.!
!
The!inlet!velocity!profile!for!each!mouse!was!obtained!from!in#vivo!mouseRspecific!
Doppler! velocity! measurements! at! the! entrance! of! the! common! carotid! arteries!
(Figure! 16).! A! custom!MATLAB! script! was! developed,! requiring! the! user! to! tag!
points! along! the! velocity! signal! on! a! calibrated! image! of! Doppler! velocity!
measurements!over! the!cardiac!cycle! for!each!mouse.!The!velocity!data!was! then!
interpolated! between! the! tagged! points! of! the! cardiac! cycle! using! the! piecewise!
cubic!spline!interpolation!function!in!MATLAB!to!produce!a!smooth!velocity!trace,!
which!closely!followed!the!original!trace!(Figure!17).!The!length!of!the!cardiac!cycle!
was!calculated!from!the!heart!rate!of!the!animal!and!the!script!exported!a!text!file!
with!the!velocity!values!at!each!time!increment.!!
!
The!velocity!profile!was!written!as!a!C!function!and!interpreted!as!a!userRdefined!
function!(UDF)!in!Fluent.!It!applied!a!plug!(blunt)!profile!at!each!time!step!at!the!
inlet! of! the! geometry,! allowing! the! flow! to! be! fully! developed! as! it! enters! the!
common! carotid! from! the! flow! extension.! It! must! be! acknowledged! that! the!
Doppler! measurements! of! the! blood! velocity! used! for! the! inlet! boundary!
conditions!were!not!adjusted! for! the!effect!of!anaesthesia!or! the! inactivity!of! the!
mice.! Janssen!et!al!have!quantified!the!effects!of!different!anaesthetic!regimes!on!
haemodynamics!of!mice!and!demonstrated!a!depression!in!the!parameters!(cardiac!
output! and!mean! arterial! pressure)! due! to! isofluraneRinduced! anaesthesia! could!
vary!from!5%!to!32%!compared!to!the!normal!conscious!state!of!mice.!Additionally!
they!suggested!a!variation!in!the!haemodynamics!by!up!to!a!factor!of!2!depending!
on! the! activity! of! the!mouse! (Janssen! et! al! 2004).! The! lack! of! these! adjustments!
could!lead!to!a!significant!underestimation!of!the!velocities!and!hence!WSS!in!our!
simulations.!However,!the!Doppler!measurements!were!made!~1mm!from!the!base!
of! the! artery,!where! the! flow! is! expected! to! be! fully! developed! due! to! the! short!
entrance! length! in!mice.! Pulsed!Doppler!measurements!made! in! fully! developed!
flow! return! the! peak! velocity! within! the! sample! volume.! Hence! by! using! this!
! 107!
measurement!as!the!mean!flow!at!the!inlet,!we!roughly!counteracted!the!reduction!
due!to!anaesthesia!and!animal!inactivity!since!the!peak!blood!velocity!is!double!the!
average!velocity! in! fully!developed!Poiseuille! flow.! !Additionally,! the!WSS!values!
observed! in! the! instrumented! mouse! carotid! arteries! were! in! agreement! with! a!
study!where!the!effects!of!anaesthesia!and!inactivity!were!taken!into!consideration!
and! a! parabolic! inflow! was! used! for! the! inlet! boundary! conditions! (Mohri! et! al!
2014).!Finally,!the!cardiac!cycle!was!normalised!by!its!length!and!the!time!step!of!
the!pulsatile!simulation!was!determined!by!dividing!the! length!of!a!cardiac!cycle!
by! the! number! of! points! per! cycle! (300).! ! At! the! outlets! (internal! and! external!
carotid!arteries),!a!traction!free!boundary!condition!was!imposed.!!!
!
!
!
!
!
!
!
!
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!
Figure!16:!Doppler!velocities!obtained!in!the!carotid!arteries!of!the!mice!are!traced!
(green!dots!and!red!dotted!line)!in!order!to!obtain!quantitative!velocity!values!that!
are!prescribed!as!the!inlet!boundary!conditions!of!the!CFD!model.$
!
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!
Figure!17:!Final!velocity!trace!obtained!from!MATLAB!R!Red!dots!show!the!tagged!
points!on!the!trace,!blue!line!is!the!interpolated!values!between!the!dots!and!the!
green!dotted!line!indicates!the!mean!velocity!for!that!dataset.!
!
The! SIMPLE! formulation! was! used! for! the! pressureRvelocity! coupling! and! the!
secondRorder! upwind! discretisation! scheme! was! used! for! the! momentum!
equations.!Surface!monitors!were!created!to!monitor!the!velocity!magnitude!at!the!
inlet! (U)! and! shear! stress! at! the! wall! (WSS)! throughout! the! simulation.!
Convergence!was!achieved!when!the!residuals! fell!below!10R5!at!each!time!step! in!
the! transient! simulation.! ! Every! simulation!was! run! over! 3! cardiac! cycles,!where!
data! from! the! first! 2! cycles! were! excluded! from! the! analysis! to! ensure!
independence! from! the! initial! boundary! conditions.!During! the! 3rd! cardiac! cycle,!
blood!flow!velocity!and!shear!stress!data!were!exported!at!every!10th!time!step!for!
postRprocessing,!which!led!to!~2GB!data!per!simulation.!Surface!plot!renderings!of!
the!data!were!performed!in!MATLAB!and!Ansys!CFDRPost.!
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$
2.2.7$$$Quantifying$Metrics$of$Perturbed$Haemodynamics$
!
!
The!WSS! vector! exported! from! the! CFD! simulations! was! then! used! to! quantify!
metrics! of! perturbed! haemodynamics,! ultimately! to! spatially! correlate! these!
metrics!with!coRregistered!biological!markers!of!atherosclerosis.!An!overview!of!the!
computational!platform!developed!to!achieve!the!said!task!of!correlating!perturbed!
haemodynamics! with! plaque! components! is! shown! (Figure! 18).! To! perform! this!
task,! a! custom! platform! (i.e.,! group! of! multiple! programs)! was! developed! in!
MATLAB! and! it! is! composed! of! three! parts:! shear! metric! quantification,! 3D!
histology,! and! statistical! analysis! (the! first! part! of! the! platform! is! described!
immediately! below! and! the! remaining! parts! are! described! in! each! of! the! two!
remaining!sections,!respectively)!!
!
To! quantify! the! shear! metrics,! each! vessel! geometry! and! associated! centerline!
(computed!in!VMTK)!was!imported!as!an!STL!and!DAT!file!respectively,! into!the!
MATLAB!environment.!Because!the!shear!metrics!were!quantified!at!each!point!in!
the! domain! and! these! points! will! ultimately! need! to! be! coRregistered! with!
information! from! histology,! the! raw! geometry! of! each! vessel! (composed! of!
disorganised!nodes)!was!reRorganised!with!a!userRdefined!number!of!crossRsections!
and! nodes! per! crossRsection! that! facilitated! this! coRregistration! (see! the! next!
section).! Briefly,! this! was! done! by! reRdiscretising! the! centerline! into! the! userR
defined! number! of! crossRsections! and! capturing! the! vessel!wall! points! that!were!
closest!to!each!of!those!centerline!points.!These!captured!vessel!wall!points!were!
then! projected! onto! a! plane! and! the! distance! of! each! point! from! the! centerline!
point! was! determined.! All! distances! were! then! plotted! as! a! function! of!
circumferential! position! and! fit! with! a! polynomial! using! a! nonlinear! regression.!
The! radial! positions! of! the! nodes! were! then! determined! from! the! fit! at! every!
circumferential!position.!This!process!was! repeated! for!every!crossRsection!of! the!
! 111!
reRdiscretised!vessel!to!determine!the!positions!of!all!points.!Because!the!positions!
of! the! nodes! making! up! the! vessel! were! altered! in! this! process,! the! shear! data!
defined!at!each!of!the!original!nodal!locations!needed!to!be!interpolated!over!the!
new! nodal! positions! by! using! the! builtRin! MATLAB! function! “griddata”.! Once!
interpolated,! the! shear! data,! including! XR,! YR,! and! ZRcomponents! of! the! shear!
vector,!was!used!to!compute!the!different!metrics!of!perturbed!shear.!!!
!
Several!investigators!have!explored!metrics!of!perturbed!shear!stress!and!we!chose!
the!following!5!established!metrics,!which!were!quantified!over!the!entire!domain!
of!each!vessel:!timeRaveraged!wall!shear!stress!(TAWSS),!the!oscillatory!shear!index!
(OSI),! the! relative! residence! time! (RRT),! the! wall! shear! stress! angle! deviation!
(WSSAD)! and! the! recently! developed! transverse! WSS! (transWSS)! metric.!
However,! in! this! thesis,! we! use! a! variation! of! the! transWSS! called! tSS! as! we!
normalize! the!metric!by! the!TAWSS!at!each!point! (Appendix!C).! In!addition,!we!
developed! two! new! shear!metrics,! the! low! shear! index! (LSI)! and! the! high! shear!
index!(HSI).!It!has!been!widely!assumed!that!‘normal!shear’!stress!lies!between!1.0R!
1.5!Pa.!Previous!studies,!suggested!threshold!values!of!0.4!Pa! for! low!shear!below!
which! plaque! formation! occurs! and! values! of! 1.5! Pa! as! high! shear,! preventing!
plaque!formation!(Malek!et!al.!1999),!also!implying!a!‘window’!of!normal!shear!lies!
from! 0.4! –! 1.5! Pa.! Other! studies,! particularly! in! human! and! porcine! coronary!
arteries!have!used!variations!of!the!thresholds!such!as!1.2!Pa!(Koskinas!et!al.!2010)!
or!≤!1!Pa!for!low!shear!and!≥!2.5!Pa!(Samady!et!al.!2011)!for!high!shear!for!the!entire!
population! of! subjects! included! in! a! study.! ! However,! the! occurrence! of!
physiological! inter! and! intraRspecies! variability! (Weinberg! &! Ross! Ethier! 2007)!
suggests! that!a!global! threshold!might!not!apply! to!all! animals! (or!patients)! in!a!
study.!Hence,! a! local! threshold! can!be! calculated! for! each! animal,! by! comparing!
the! shear! on! a!pointRbyRpoint!basis! in! the! instrumented! vessel! against! the!mean!
shear!in!the!uninstrumented!control!artery!in!the!same!animal,!computed!over!the!
cardiac! cycle,! to! estimate! a! reference! low! and! high! shear! value! for! each!mouse!
individually,!thus!defining!the!two!new!metrics:!!
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!
Low!Shear!Index!(LSI)!
!!"# = ! !"#$$!"#$%"& − !!"#$$!"##$%!"#$%&'((!"#$%"& !
High!Shear!Index!(HSI)!
!!"# = ! !"#$$!"##$% − !!"#$$!"#$%"&!"#$%&'((!"#$%"& !
!
The! LSI! will! identify! all! regions! in! the! instrumented! artery,! where! the! shear! is!
lower! than! the! mean! shear! in! the! corresponding! uninstrumented! contralateral!
artery.! In! contrast,! the! HSI! will! highlight! regions! of! higher! shear! in! the!
instrumented! artery! when! compared! to! the! reference! mean! shear! of! the!
uninstrumented!artery.!!Although!this!reference!mean!shear!calculated!is!a!single!
value,! a! ‘window’! of! normal! shear! has! to! be! accounted! for,! as! shown! by! the!
threshold!values!chosen!in!above!mentioned!studies.!In!our!studies,!an!additional!
thresholding!step!is!added!to!the!overlap!analysis!to!exclude!noise!introduced!into!
the!system!and!more!importantly,!create!the!‘window’!of!normal!shear.!!Thus,!the!
absence!of!one!of!these!two!shear!metrics!does!not!imply!the!presence!of!the!other.!!
!
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!
Figure!18:!!Platform!with!two!parallel!workflows!7!in#vivo!image!based!haemodynamics!(top!panel)!and!3D!histological!stain!
mapping!(bottom!panel)!to!eventually!correlate!the!flow!metrics!to!atherosclerotic!plaque!markers.!
1 
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2.2.8$$$3D$Histology$
!
All! animals! that! were! part! of! the! in# vivo! imaging! experiments! were! sacrificed!
within! 24! hours! of! the! last! imaging! time! point! (9! weeks).! A! second! group! of!
animals!bred!under!the!same!conditions!were!sacrificed!at!3,!5,!7!and!9!weeks!after!
being!fed!a!highBfat!diet!and!instrumented!with!the!perivascular!shear!modifying!
cuff! to! study! longitudinal! plaque! development.! At! 3,5! and! 9! weeks,! a! total! of! 3!
animals! were! sacrificed! and! processed,! while! at! 7! weeks,! difficulties! in! tissue!
harvesting!led!to!a!loss!of!data!of!2!out!of!3!animals.!In!order!to!recover!the!data,!3!
additional!animals!were!sacrificed!at!7!weeks,! leading!to!a!total!of!4!animals!that!
were! included! in! the! analysis.! Additionally,! 2! animals! fed! the! high! fat! diet! for! 3!
weeks! along!with!another! animal! fed! the!diet! for!9!weeks! (without! cuff! surgery)!
were! sacrificed! and! served! as!baselines.!The!mice!were! injected! intraperitoneally!
with! the! anesthetics! mentioned! in! section! 2.2.1! and! were! flushed! with! 10! mL!
Phosphate! buffered! saline! (PBS)! through! the! heart.! Post! PBS! perfusion,! 10%!
formalin!was!slowly!injected!to!fix!the!tissue!in#situ.!Before!excising!the!arteries,!an!
ink! mark! was! made! over! the! length! of! the! instrumented! carotid! artery! using! a!
custom!developed!device!(Figure!19).!The!mark!would!facilitate!orientation!of!the!
sections!to!be!preserved!in!future!processing!steps!discussed!further.!!The!cuff!was!
carefully! removed! from! the! left! carotid! artery! and! both! carotid! arteries! from!
bifurcation! to! aortic! arch! were! excised,! placed! in!OCT!medium! and! frozen! at! B
20°C.!!
Frozen!carotid!tissue!was!sectioned!at!8!μm!thickness!from!the!carotid!bifurcations!
to!the!aortic!arch!and!used!for!histological!stainings.!Sections!were!collected!in!a!
predefined! sequence! to! generate! a!number!of! series! (usually! 9!per! animal),!with!
the! corresponding! slides! from!each! series! encompassing! the! entire! length! of! the!
arteries.!Each!series!consisted!of!8!slides,!thus!consecutive!sections!on!a!slide!were!
64!µm! apart! (8! sections! *! 8! μm! section! thickness).! A! schematic! diagram! of! the!
section! collection! process! is! shown! below! (Figure! 20).! One! specific! stain! was!
performed!on!corresponding!slides!selected!from!each!series!enabling!an!accurate!
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3D!representation!of!the!stained!regions.!
!
$
$
$
$
!
!
!
Figure!19:!Custom!modified!inking!device!–!Grooves!were!laserBcut!into!the!tips!of!
the!compass!to!hold!suture!thread!a!few!microns!thick!(yellow!arrow).!Adjustable!
screws! allowed! to! accommodate! different! lengths! of! the! thread! to! allow! inking!
vessels!of!varying! lengths.! Inking!was!accomplished!by!dipping! the! thread! in! ink!
and!gently!stamping!it!along!the!vessel!length.!
!
!
The! sections! were! then! stained! for! the! two! selected! biological! markers! of!
atherosclerosis,! namely! lipids! and! macrophages.! The! lipid! content! in! the! tissue!
sections! was! detected! by! using! OilBredBO! staining! (0.5%! OilBredBO! solution! in!
Propylene! glycol,! Sigma! Aldrich)! with! Mayer’s! Hemotoxylin! counterstain!
performed!according! to! the!previously!optimised!protocol! in!our! lab.!For! further!
characterisation! of! the! plaque,! a! macrophage! immunohistochemical! stain! was!
performed.! To! this! end,! blocking! of! the! sections! was! performed! by! 30! minutes!
incubation!with!10%!normal!goat!serum!(in!PBS)!and!all!antibodies!were!diluted!in!
0,1%!PBS/BSA.!The!presence!of!macrophages!was!assessed!by!staining! for!MACB3!
(AntiBMouse! CD107b! (MacB3),! 14B5989B82,! Clone:! M3/84,! eBioscience,! 1:200,! one!
hour!at!room!temperature),! followed!by!a!secondary!Alexa!Fluor®!594!Goat!AntiB
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Rat!IgG!antibody!(AB11007,!LifeTechnologies,!1:250,!one!hour!at!room!temperature).!
A!double!stain!on!the!MACB3!stained!slides!to!detect!the!presence!of!B!Smooth!
Muscle! Actin! was! performed! (AntiBalpha! smooth! muscle! Actin! antibody,! FITCB
labeled,!ab8211,!Abcam,!1:250,!diluted!in!1%BSA/10%NGS/0,1%PBSBTween,!one!hour!
at! room!temperature).!Finally,!general!nuclear!counterstain!was!performed!using!
DAPI!based!mounting!medium!(Fluoromount).!
!
!
$
Figure! 20:! Schematic! representation! of! the! tissue! collection! strategy! in! order! to!
enable!multiple!(9)!stains!along!the!length!of!a!single!artery.!Sections!are!collected!
in!series!of!8!slides!in!the!order!shown!in!the!diagram!(see!crossBsection!numbers).!
Difference!between!consecutive!sections!on!the!same!slide!(section!1!and!9!shown)!
is!64!µm.!A!total!of!9B10!series!are!collected!per!artery!depending!on!the!length!of!
the!carotid!arteries.!
!
!
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After!staining,!each!histology!section!from!the!OilBRedBO!stain!and!the!MAC3!stain!
was!imaged!using!a!laserBcapture!microscope!(Carl!Zeiss,!MicroBeam!4.5!Pro!LCM)!
at! 10x! magnification.$ These! images! were! then! further! analysed! using! the! image!
analysis! software! Clemex! (Quebec,! Canada)! by! drawing! contours! around! the!
lumen,! internal! elastic! lamina! (IEL),! and! external! elastic! lamina! (EEL),! and!
discretising! the! image! into! small! groups! of! pixels! to! record! the! location! of! each!
stain! “point”! or! element.! Point! were! divided! into! ‘stained’! or! ‘unstained’! by!
thresholding!the!image.!Thresholds!were!set!by!inspection!of!regions!of!high!and!
low!stain!within!both!the!cuffed!and!control!images!for!each!data!set!(keeping!this!
threshold! level! constant! within! the! data! set);! consideration! was! also! taken! of!
previous! set! points,! although! these! may! vary! between! staining! iterations.! Next,!
magnitudes!of!stain!area!for!each!point!on!the! lumen!surface!were!scaled!from!0!
(no!stain)!to!1!(maximum!stain)!by!dividing!the!area!between!nodes!into!elements!
and!then!taking!the!ratio!of!the!stain!area! in!the!element!to!the!total!area!of!the!
element! (the! quantified! stain! area! is! an! output! from! Clemex).! This! information!
(i.e.,! the! location!of!points!making!up!the! lumen,! IEL,!EEL,!and!the! location!and!
magnitude!of!stained!points)!for!each!vessel!section!was!then!exported!to!an!Excel!
file.!Thus,!for!a!given!stain!of!a!given!vessel,!there!are!typically!~80!Excel!files!that!
represent!the!contours!and!stain!information!across!the!entire!length!of!the!vessel!
(from! the! aortic! arch! to! the! carotid! bifurcation).! The!Excel! files! are! then! loaded!
into!the!second!stage!of!the!MATLAB!platform!referenced!in!the!section!above.!
!
The!MATLAB!platform!uses!the!Excel!data!to!reBdiscretise!each!histology!section!
using!the!same!number!of!nodes!per!crossBsection!as!were!used!in!the!vessel!lumen!
reBdiscretisation! (see! previous! section).! This! approach! allows! the! nodes! of! the!
histology!section!to!be!coBregistered!to!the!in#vivo#lumen!reconstruction.!To!ensure!
accuracy! of! this! coBregistration,! the! circumferential! orientation! of! the! histology!
sections!are!matched!to!each!other!via!the! ink!mark!and!to!the! in# vivo! lumen!by!
using!the!curvature!of!the!reconstruction!to!determine!the!orientation!of!the!vessel!
upon!inking!(point!of!maximum!outer!curvature!of!the!vessel!is!the!inked!face).!An!
inter!observer!error!analysis!was!performed!to!test!the!accuracy!of!identifying!the!
! 118!
ink!mark!on!the!in!vivo!vessel!reconstruction.!The!average!circumferential!error!in!
the!identification!of!the!ink!mark!between!the!two!observers!was!16.73!±!2.72°.!
!! Likewise,! in! the! axial! direction,! the! sections! are! coBregistered! using! two!
anatomical! landmarks! –! the! aortic! arch! upstream! and! the! carotid! bifurcation!
downstream,!both!of!which!are!clearly!visible! in! the!serial!histology!sections!and!
lumen!reconstruction.!In!the!case!of!the!cuffed!vessel,!a!third!reference!is!the!cuff!
itself,! the! location!of!which!can!be! identified! in! the! lumen!reconstruction!and! in!
the!histology!sections!(the!latter!is!based!on!lack!of!plaque!and!remodeling!of!the!
vessel!wall).!The!resolution!in!the!axial!direction!is!64!µm,!limited!by!the!histology!
crossBsection! collection! strategy! for! each! stain! discussed! above.! For! this! vessel,!
information!from!the!histology!sections!is!then!interpolated!onto!the!nodes!of!the!
lumen! reconstruction! in! three! regions:! upstream! (aortic! arch! to! upstream! cuff!
edge),!cuff,!and!downstream!(downstream!cuff!edge!to!carotid!bifurcation).!For!the!
control!vessel,!histology! information! is! interpolated!evenly!over!the!entire!vessel.!
Because! the! histology! sections! have! a! wall! thickness,! they! are! also! discretised!
through!the!thickness!of!the!wall,!accounting!for!the!(radial)!nodal!location!of!the!
plaque! based! on! the! IEL! contour.! Therefore,! stain! information! can! be! either!
interpolated! from! the! lumen! nodes! of! the! histology! section! exclusively! or! stain!
information!from!other!regions!of!the!histology!section!wall!can!also!be!projected!
onto!the!lumen.!!
!
At! the! end! of! this! process,! every! point! in! the! vessel! lumen!has! several! pieces! of!
information:!3D!coordinates,!shear!stress!and!defined!metrics!of!shear!perturbation!
as!well!as!the!magnitude!of!stain!for!a!particular!vessel!wall!or!plaque!constituent.!
Regarding! the! latter,! up! to!8! stains! (corresponding! to! the!8! slides!of! the! section!
collection!process!–!Figure!20)! can!be!analysed! for! a!given!vessel.!This! approach!
has! a! spatial! resolution! of! 64! μm! (determined! by! the! histology)! which! is! an!
improvement! to! other! groups! (Chatzizisis! et! al.! 2011;! Koskinas! et! al.! 2013)! and!
previous!work!within!our! group! (Segers! et! al.! 2007)! that!have!performed! similar!
studies!with!IVUS!based!reconstructions,!with!a!resolution!of!~100!μm.!
! !
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$2.2.9$ $ $ Quantifying$ Plaque$ Localisation$ with$ Haemodynamic$
Parameters$
$
$
The! primary! purpose! of! coBregistering! histology! to! the! in# vivo! lumen!
reconstruction! and! associated! shear! metrics! is! to! identify! how! local! patterns! of!
perturbed!shear!overlap!with!local!markers!of!atherosclerosis.!The!third!aspect!of!
the! MATLAB! platform! (see! section! 2.2.7)! is! the! statistical! approach! used! to!
determine! that! overlap.! This! approach!was! developed!with! the! help! of!Dr.! Ryan!
Pedrigi!and!Dr.!Enrico!Petretto.!
!
The! statistical! approach! has! several! steps.! First,! all! vessels! in! the! analysis! are!
truncated!at!both!ends,!relative!to!the!cuff,!so!that!the!same!axial!length!of!vessel!
from! the! cuff! is! used! for! all! vessels! in! the! analysis! facilitating! a! comparison!
between!vessels.!The!shear!and!stain!data!are!then!scaled!over!a!range!from!0!to!1!
(for!most!metrics,!this!is!done!by!dividing!each!value!by!the!maximum!in!the!data!
set).!The! scaled!data!are! then!smoothed!via!a!wavelet! transform!and!data!points!
are! clustered! by! using! an! established! hierarchical! algorithm! –!mahalanobis.! The!
mahalanobis! distance! is! essentially! a! distance!measure! that! tests! if! certain! data!
points! lie! within! the! same! cluster,! depending! on! the! number! of! standard!
deviations! the!data!point! lies! from! the!mean!of! the! reference! cluster,! taking! the!
covariance!of!the!variables!into!account.!Clustered!data!are!then!binarised!at!a!15%!
threshold!(i.e.!values!less!than!or!equal!to!0.15!are!set!to!zero,!those!above!are!set!to!
one)! to! exclude! noise! from! the! system! and! create! a! window! of! ‘normal! shear’!
values.! !Overlaps! of! points! are! determined! between! clusters! of! each!mechanical!
metric! to! those! of! each! biological!metric! for! a! given! vessel.!Overlaps! signify! the!
amount!of! each!biological! stain!overlapping!with! above! threshold! values!of! each!
shear!metric,! quantified! as! a! number! of! nodes! of! the! stain! overlapping!with! the!
nodes! of! each! metric! and! recorded! as! a! percentage,! essentially! displaying! the!
sensitivity!of!the!metric.!Thus!a!100%!stainBmetric!overlap!suggests!that!all!nodes!
of! the! biological! stain! overlap! with! the! nodes! of! that!metric! that! are! above! the!
threshold!value.!The!metrics!which!returned!the!highest!percentage!overlaps!with!
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the!stains!in!our!primary!regions!of!interest!were!judged!to!be!the!metric!with!the!
highest!predictive!capabilities.!!
!
At! each! time! point,! the! stain! data! is! spatially! coBregistered! onto! all! in# vivo!
geometries!at!that!time!point,!as!well!as!those!from!previous!time!point!facilitating!
the!analysis!of!overlaps!with!all!shear!metrics!over!time.!For!example,!at!9!weeks,!
the!lipid!stains!from!9!weeks!are!spatially!mapped!onto!in#vivo#lumens!from!9,7,5!3!
and!0!weeks!and!overlaps!are!quantified!between!the!stain!data!and!the!shear!data!
at!each!time!point!to!understand!how!the!stain!(e.g.!lipids)!at!9!weeks,!is!affected!
by!shear!at!previous!time!points.!Additionally,!the!mean!overlap!at!each!time!point!
is! calculated! as! an! average! of! the! overlap! values! obtained! by!mapping! the! stain!
data! of! each! histology! group! animal! onto! the! shear! data! of! all! imaging! group!
animals!at!that!time!point.!
!
Finally,! for! all! statistical! tests! performed! in! this! thesis,! typically! the! oneBway!
analysis! of! variance! (ANOVA)!method!was! used! to! test! for! significant! difference!
between! the! means! of! multiple! groups! of! data.! One! of! the! assumptions! in! an!
ANOVA! test! is! that! the! data! is! normally! distributed.!We! used! the! ShapiroBWilk!
statistical! test! in! order! to! check! if! our! data! was! significantly! different! from! a!
normally! distributed! population.! In! conjunction! to! the! ANOVA! test,! which!
provides!a!single!p!value!when!testing!multiple!groups!of!data,!we!used!the!Tukey’s!
Honest!Significant!Difference!(Tukey’s!HSD)!test!to!perform!multiple!comparisons!
between!groups!to!identify!which!means!(groups)!were!statistically!different!from!
each! other.! When! the! data! was! nonBnormally! distributed! or! had! too! few! data!
points!to!test!for!normality,!the!nonB!parametric!Wilcoxon!rankBsum!test!was!used.!
All! statistical! tests! were! performed! in! MATLAB.! P! <! 0.05! was! considered!
significant.!!
!
! !
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2.3$$$Results$!
2.3.1$$$Longitudinal$in#vivo$Velocities$$
$
A! total! of! n=5,4,3,4,4! and! 3! animals! were! scanned! at! 3,5,6,7,8! and! 9! weeks,!
respectively.!Doppler!Ultrasound!based!minimum,!maximum!and!mean!velocities,!
the!heart! rates! in! beats! per!minute! (bpm)! and! the! ratios! of! peak! velocity! in! the!
uninstrumented!(right!carotid)!artery!to!the!instrumented!(left!carotid)!artery!for!
each!of!the!mice!at!all!time!points!were!quantified!(Table!7).!The!mean!heart!rate!
of!all!mice!was!458!±!38!bpm!(mean!±!SD).!The!peak!velocity!ratio!for!the!baseline!
animals! (n=2)!was! 1.2! ±! 0.01,!while! the! ratio! for! the! postBsurgery! animals! (n=23)!
rose!by!56%!to!1.88!±!0.71!(mean!±!SD).!The!typical!velocity!traces!obtained!for!the!
instrumented! and! uninstrumented! carotid! arteries! are! shown! below! (Figure! 21).!
The!blood!flow!waveform!in!the!right!common!carotid!differed!consistently!from!
the! left! (instrumented)!common!carotid.!A!second!significantly!smaller!peak!was!
observed!in!the!diastolic!phase!of!the!cardiac!cycle!in!the!control!vessel!as!shown!
in!the!raw!velocity!spectra.!
!
!
!
!
!
!
!
!
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!
!!
Figure!21:!Doppler!velocity!spectra!in!the!left!and!right!carotid!arteries!at!each!of!
the!time!points.!On!close!inspection,!a!second!peak!in!the!diastolic!phase!can!be!
seen! in! the!profile!of! the! right! carotid! arteries! (also! see! figure! 16).!Also!note! the!
higher! velocities! in! the! right! carotids.! The! velocity! scales! are! not! constant! for!
images.!
!
Left Carotid Artery Right Carotid Artery 
Baseline 
Week 3 
Week 5 
Week 6 
Week 7 
Week 8 
Week 9 
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Table!7:!Doppler!velocity!in!the!cuffed!and!control!carotid!arteries!for!all!mice!measured!at!week!0,3,5,7,9!
! ! CUFFED! CONTROL! ! !
! ! ! !
WEEK! MOUSE! DOPPLER0VELOCITY0(m/s)! DOPPLER0VELOCITY0(m/s)! HEART! PEAK0VEL.0RATIO!
Min! Mean! Max! Min! Mean! Max! RATE0(bpm)! (CONTROL/CUFFED)!
0! Base1! 0.010! 0.172! 0.491! 0.017! 0.183! 0.581! 497! 1.18!
0! Base2! 0.059! 0.168! 0.406! 0.0470 0.168! 0.496! 493! 1.22!
3! A1! 0.083! 0.1530 0.313! 0.086! 0.163! 0.436! 392! 1.39!
3! A20 0.109! 0.167! 0.313! 0.051! 0.125! 0.368! 476! 1.18!
3! A3! 0.064! 0.135! 0.316! 0.074! 0.135! 0.358! 436! 1.13!
3! A6! 0.049! 0.097! 0.200! 0.059! 0.124! 0.283! 408! 1.41!
3! A7! 0.047! 0.098! 0.245! 0.048! 0.121! 0.417! 445! 1.71!
5! B1! 0.034! 0.099! 0.250! 0.036! 0.151! 0.401! 474! 1.60!
5! B2! 0.058! 0.115! 0.194! 0.045! 0.168! 0.566! 457! 2.92!
5! B4! 0.032! 0.068! 0.151! 0.068! 0.194! 0.496! 449! 3.28!
5! B5! 0.083! 0.143! 0.306! 0.066! 0.143! 0.418! 473! 1.36!
6! B1! 0.037! 0.082! 0.185! 0.024! 0.141! 0.334! 510! 1.81!
6! B3! 0.050! 0.094! 0.202! 0.080! 0.142! 0.310! 534! 1.54!
6! B4! 0.069! 0.133! 0.258! 0.054! 0.140! 0.422! 485! 1.63!
7! A1! 0.049! 0.103! 0.206! 0.103! 0.206! 0.597! 440! 2.90!
7! A2! 0.093! 0.193! 0.347! 0.033! 0.183! 0.572! 482! 1.65!
7! A3! 0.116! 0.227! 0.467! 0.072! 0.195! 0.581! 497! 1.25!
7! A5! 0.076! 0.164! 0.297! 0.060! 0.220! 0.563! 495! 1.90!
8! B1! 0.052! 0.089! 0.180! 0.060! 0.142! 0.356! 475! 1.98!
8! B3! 0.045! 0.083! 0.160! 0.096! 0.192! 0.536! 395! 3.35!
8! B4! 0.067! 0.104! 0.164! 0.078! 0.154! 0.399! 419! 2.42!
8! B5! 0.036! 0.072! 0.167! 0.057! 0.182! 0.499! 423! 2.99!
9! A1! 0.083! 0.120! 0.232! 0.045! 0.094! 0.328! 404! 1.41!
9! A3! 0.092! 0.164! 0.402! 0.086! 0.158! 0.363! 506! 0.90!
9! A4! 0.110! 0.158! 0.265! 0.070! 0.151! 0.381! 469! 1.44!
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The$ peak$ velocities$ and$ mean$ velocities$ of$ the$ baseline$ animals$ (n=2)$ were$
compared$ to$ the$ interventional$ animals$ at$ the$ longitudinal$ experimental$ time$
points$(Figure$22>23).$In$the$instrumented$and$uninstrumented$arteries,$there$is$a$
decrease$ in$ both$ peak$ and$ mean$ velocities$ from$ baseline$ to$ 3$ weeks$ post$ cuff$
placement$ (p$ <$ 0.01),$ followed$ by$ a$ sharp$ rise$ in$ both$ velocities$ from$week$ 6$ to$
week$7$(p$<$0.02$in$control$arteries,$p"=$0.11$in$cuffed$arteries$for$peak$velocities).$At$
9$weeks$however,$the$velocities$for$the$instrumented$artery$sharply$rise$again$(p$<$
0.05$ for$mean$ velocities).$ It$ is$ also$ observed$ that$ the$ peak$ control$ velocities$ are$
consistently$ higher$ than$ the$ cuffed$ velocities$ throughout$ the$ duration$ of$ the$
experiments$(Table$8).$$
$
$
Table$8:$Peak$velocities$(Top)$and$mean$velocities$(bottom)$in$baseline$and$
interventional$animals$at$all$time$points.$(Means$±$SD)$
$
$
$
$
$
$
$
BASELINE (WEEK(3 WEEK(5 WEEK(6 WEEK(7 WEEK(8 WEEK(9
CUFFED 0.45%±%0.04 0.27%±%0.05 0.23%±%0.06 0.21%±%0.03 0.33%±%0.09 0.17%±%0.01 0.28%±%0.09
CONTROL 0.54%±%0.04 0.37%±%0.06 0.47%±%0.07 0.36%±%0.05 0.58%±%0.01 0.45%±%0.07 0.36%±%0.02
BASELINE (WEEK(3 WEEK(5 WEEK(6 WEEK(7 WEEK(8 WEEK(9
CUFFED 0.17%±%0.00 0.12%±%0.02 0.11%±%0.02 0.10%±%0.02 0.17%±%0.05 0.09%±%0.01 0.15%±%0.02
CONTROL 0.18%±%0.01 0.14%±%0.02 0.16%±%0.02 0.14%±%0.00 0.20%±%0.01 0.17%±%0.02 0.13%±%0.03
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$
Figure$22:$Peak$velocities$in$the$instrumented$and$uninstrumented$arteries$at$each$
time$point.!
$
$
Figure$23:$Mean$velocities$ in$ the$ instrumented$and$uninstrumented$arteries$over$
time$
$
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2.3.2$$$Longitudinal$Mouse2Specific$in#vivo$Haemodynamics$
$
$
High$ resolution$ in" vivo$micro>CT$ based$ 3D$ carotid$ artery$models$ (instrumented$
and$uninstrumented)$were$segmented$and$reconstructed$at$baseline$(n=2),$3$(n=3),$
5$ (n=2),$ 6$ (n=3),$ 7$ (n=2),$ 8$ (n=4)$ and$ 9$ (n=3)$ weeks$ of$ atherosclerotic$ disease$
development.$The$ spatial$ resolution$ achieved$ from$our$ in$ vivo$microCT$ imaging$
protocol$was$~40µm.$Considering$that$the$voxel$size$was$40µm$and$the$maximum$
inner$diameter$(lumen)$of$the$throat$of$the$cuff$was$typically$200um,$it$gives$us$a$
theoretical$ maximum$ error$ of$ 20%$ within$ the$ throat$ of$ the$ cuff.$ However,$ it$ is$
important$ to$note$ that$our$primary$ region$of$ interest$ is$ the$ region$of$ vulnerable$
plaque$development,$found$upstream$of$the$cuff$and$is$minimally$affected$by$the$
throat$ of$ the$ cuff$ although$ it$ could$ have$ an$ effect$ on$ the$mean$ flow$ upstream.$
However,$our$overlap$analysis$ is$ restricted$ to$ just$ the$upstream$and$downstream$
regions$of$the$cuff$due$to$the$lack$of$plaque$development$within$the$cuff$as$will$be$
discussed$in$later$sections.$The$reconstructions$of$the$left$common$carotid$arteries$
(instrumented)$extend$from$the$aortic$arch$to$the$carotid$bifurcation,$including$a$
small$ region$of$ the$ internal$and$external$carotid$arteries.$ In" vivo$haemodynamics$
were$simulated$in$each$of$the$geometries,$using$mouse>specific$Doppler$velocities.$
The$ computed$ blood$ flow$ derived$WSS$ in$ the$ instrumented$ carotid$ artery$ for$ a$
single$dataset$at$3$(A7),$5(B1),$6(B3),$7(A1),$8(B5)$and$9(A1)$weeks$along$with$their$
specific$ Doppler$ based$ blood$ velocities$ are$ shown$ below$ (Figure$ 24>25).$ WSS$
distributions$in$all$other$animals$are$similar$and$hence$results$are$only$shown$for$
one$animal$per$time$point.$All$shear$stress$maps$are$shown$at$systole,$indicated$by$
the$blue$marker$on$the$velocity$profiles,$to$show$the$maximum$values$of$the$wall$
shear$ stress$ during$ the$ cardiac$ cycle.$ The$ colour$ map$ is$ consistent$ across$ all$
models.$A$total$of$17$instrumented$arteries$were$analysed.$
$
It$ is$ observed$ that$ the$ shear$ stress$ across$ all$models$ is$ low$proximal$ to$ the$ cuff,$
gradually$ increasing$within$ the$ cuff$ to$ peak$ in$ the$ throat$ (location$ of$minimum$
lumen$diameter)$ followed$by$ low$and$oscillatory$ shear$ stress$downstream$of$ the$
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cuff.$The$mean$wall$shear$upstream$across$all$animals$was$approximately$11$Pa.$In$
the$ cuff,$ very$ high$ mean$ shear$ stress$ values$ of$ upto$ 140$ Pa$ were$ found.$ In$ the$
downstream$region,$the$mean$shear$stress$values$were$roughly$20$Pa,$presumably$
due$ to$ the$ formation$ of$ the$ jet.$ However,$ recirculation$ zones$ are$ found$ where$
oscillatory$wall$ shears$ have$ a$ very$ low$ time$ average$ (<$ 1>1.5$ Pa)$ (Wentzel$ et$ al.,$
2012).$ WSS$ as$ low$ as$ 0.1$ Pa$ were$ found$ in$ these$ regions$ which$ is$ very$ low$
considering$ that$ the$ shear$ stress$ in$ mouse$ carotids$ is$ normally$ an$ order$ of$
magnitude$higher$than$in$the$human$carotids$(Mohri$et$al$2014)$and$the$range$of$
WSS$in$mice$was$found$to$be$reaching$values$of$upto$150$Pa$in$the$stenosis.$$The$
recirculation$of$blood$downstream$is$due$to$the$sudden$change$in$blood$flow$that$
occurs$as$blood$abruptly$exits$ from$the$narrow$stenosis$creating$a$ jet,$ leading$ to$
the$ development$ of$ complex$ flow,$ in$ particular$ flow$ separation.$ In$ some$ cases,$
localised$ increase$ in$ shear$ stress$ was$ also$ found$ on$ a$ small$ region$ of$ the$
downstream$wall$due$to$a$jet$phenomenon$propelling$the$fluid$onto$the$wall.$Also,$
the$pulsatile$nature$of$the$blood$flow$causes$a$fluctuation$in$the$magnitudes$of$the$
velocity$during$systole$and$diastole,$making$areas$of$wall$experience$forward$and$
reverse$ flow,$ thus$ creating$ oscillatory$ or$ bidirectional$ wall$ shear$ stress.$ These$
complex$ flow$ features$ are$ shown$ in$ the$ figures$ 24,25$ where$ 3D$ streamlines$ are$
plotted$ and$ highlighted$ in$ the$ downstream$ region$ of$ the$ stenosis$ showing$
recirculation$zones$consistently$across$all$models.$$
$
Although$ the$ overall$ distribution$ of$ the$ WSS$ across$ the$ upstream,$ cuff$ and$
downstream$regions$between$models$ is$qualitatively$similar,$there$ is$a$significant$
amount$ of$ spatial$ and$ temporal$ heterogeneity$ seen$ both$ within$ and$ between$
animals.$$The$time$averaged$wall$shear$stress$(TAWSS)$and$various$other$HPs$were$
analysed$ for$ both$ carotid$ arteries$ throughout$ the$ development$ of$ the$ disease$
(Table$9).$The$heterogeneity$across$animals$can$be$observed$in$the$magnitudes$of$
TAWSS$that$range$from$5.07$Pa$to$23.62$Pa$in$the$upstream$region$and$5.10$Pa$to$
36.74$ Pa$ in$ the$ downstream$ region.$ In$ the$ cuff,$ they$ are$ much$ higher$ for$ all$
animals,$ and$ peak$ at$ 140.1$ Pa$ for$ animal$ A3$ at$week$ 7.$ The$ control$ arteries$ also$
display$ variabilities,$ however$ the$ highest$mean$ TAWSS$was$ 27.01$ Pa$ for$ animal,$
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also$at$week$7,$owing$to$the$higher$peak$velocities$observed$at$this$time$point$as$
shown$earlier.$$$
$
An$interesting$observation$in$the$shear$stress$distribution$in$the$upstream$region$
proximal$ to$ the$ cuff$ is$ a$ band$ (indicated$ by$ *),$ of$moderately$ high$ shear$ stress$
observed$in$arteries$as$early$as$5$weeks$through$9$weeks.$This$band$appears$to$be$a$
result$ of$ inward$ remodeling$ of$ the$ arterial$ wall$ due$ to$ the$ ingrowth$ of$
atherosclerotic$plaque$into$the$lumen$immediately$proximal$to$the$cuff$edge.$This$
is$ seen$ in$ a$ majority$ of$ arteries$ reconstructed$ from$ 5$ to$ 9$ weeks$ and$ it$ is$ not$
observed$ in$any$of$ the$contralateral$controls,$baseline$artery$reconstructions$or$3$
week$datasets.$
$
Furthermore,$ the$ computed$ blood$ flow$ derived$ shear$ stress$ in$ the$ contralateral$
control$arteries$reconstructed$from$in"vivo$micro>CT$images$are$shown$with$their$
Doppler$ based$ blood$ velocity$ profiles$ for$ each$ of$ the$ mice$ (Figure$ 26>27).$ The$
lengths$of$the$reconstructed$models$extended$from$the$carotid$bifurcation$to$the$
right$ subclavian$ artery$ branch.$ The$ brachiocephalic$ and$ the$ right$ subclavian$
arteries$were$not$included$in$the$computational$models.$$The$computed$blood$flow$
is$seen$to$be$laminar$throughout$the$artery$without$regions$of$disturbed$flow$and$
the$WSS$distributions$which$are$fairly$homogeneous.$The$color$map$is$consistent$
across$ all$ models.$ A$ total$ of$ 19$ control$ geometries$ were$ analysed.$ TAWSS$
magnitudes$across$control$arteries$also$displayed$some$heterogeneity$but$remained$
under$15$Pa$for$majority$of$the$animals$(Table$9).$
$
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!
Figure' 24:'WSS' distributions,' streamlines' and' ultrasound' velocity' profiles' for' instrumented' arteries' in' an' animal' at' 3,5' and' 6'
weeks'postAsurgery,'shown'at'peak'systole.'
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'!
Figure' 25:'WSS' distributions,' streamlines' and' ultrasound' velocity' profiles' for' instrumented' arteries' in' an' animal' at' 7,8' and' 9'
weeks'postAsurgery,'shown'at'peak'systole.'
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'
Figure'26:'WSS!distributions'and'ultrasound'velocity'profiles' for'uninstrumented'arteries' in'an'animal'at'3,5'and'6'weeks'postA
surgery,'shown'at'peak'systole. 
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!
Figure'27:'WSS!distributions'and'ultrasound'velocity'profiles'for'uninstrumented'arteries'in'an'animal'at'7,8'and'9'weeks'postA
surgery,'shown'at'peak'systole.
WEEK!9!WEEK!8!WEEK!7!
0 0.2 0.4 0.6 0.8 10.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
Normalized Cardiac Cycle
Ve
loc
ity
 (m
/s)
0 0.2 0.4 0.6 0.8 1
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Normalized Cardiac Cycle
Ve
loc
ity
 (m
/s)
0 0.2 0.4 0.6 0.8 10
0.05
0.1
0.15
0.2
0.25
0.3
0.35
Normalized Cardiac Cycle
Ve
loc
ity
 (m
/s)
! 133!
Table&9:&Mean&TAWSS&magnitudes&in&the&cuffed&and&control&arteries&for&all&
datasets.&
&
& & TIME%AVERAGED%WALL%SHEAR%STRESS%(Pa)%
& &
WEEK% MOUSE%
INSTRUMENTED%ARTERY% CONTROL%%
UPSTREAM% CUFF% DOWNSTREAM% ARTERY%
0& Base1& 10.86& 17.48& 12.87& 12.16&
0& Base2& 9.87& 10.94& 8.87& 14.24&
3& A3& 11.87& 107.09& 34.70& 11.78&
3& A6& 9.97& 72.37& 25.70& 15.13&
3& A7& 6.80& 59.10& 7.41& 11.92&
5& B1& 10.53& 47.53& 5.10& 9.76&
5& B5& 9.13& 59.13& 14.25& 6.17&
6& B3& 8.84& 39.61& 10.50& 6.45&
7& A1& 14.04& 40.78& 34.91& 27.01&
7& A3& 23.62& 140.10& 21.02& 13.85&
8& B3& 6.71& 29.97& 13.34& 10.93&
8& B4& 8.78& 42.18& 25.43& 7.87&
8& B5& 5.07& 47.91& 6.66& 9.24&
8& B1& 13.01& 93.87& 11.64& 11.80&
9& A1& 9.63& 50.89& 13.78& 8.38&
9& A3& 12.20& 55.16& 8.33& 10.56&
9& A4& 15.59& 137.80& 36.74& 15.56&
&
&
&
%
%!
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2.3.3%%%Time@Course%of%Plaque%Development%
&
&
All& instrumented& vessels& showed& plaques& downstream& of& the& cuff& with& low& lipid&
and& macrophage& accumulation& while& the& plaques& upstream& displayed& a& high&
content&of&lipids&and&macrophages&continually&increasing&over&time&(Figure&30,31).&
Plaque& development& and& progression& coOlocalised&with& regions& of& disturbed& flow&
induced&oscillatory&WSS&downstream&and& low&WSS&upstream&of& the&cuff.&Within&
the& cuff& region,&no&plaque&was&observed& in& the&majority&of& instrumented&vessels,&
although& advanced& atherosclerotic& plaque&was& seen& growing& into& the&base& of& the&
cuff& region&upstream& in& 1&mouse&at&9&weeks.& &NonOinstrumented&animals&did&not&
develop&any&disease.&Additionally,&in&the&instrumented&animals,&the&control&arteries&
were& largely& plaqueOfree;& hence& no& lipids& or& macrophage& accumulation& was&
observed&as&seen&by&the&absence&of&positive&staining&in&the&lumen&(Figure&28).&&
&
&
&
Figure&28:&OilORed&O&&stain& images&and&macrophage&immunostain& images&show&a&
lack&of&positive&stain&in&the&uninstrumented&carotid&artery&lumen&at&9&weeks.&Note,&
sections&are&shown&from&locations&corresponding&to&the&upstream&(top&panel)&and&
downstream&(bottom&panel)&region&in&the&instrumented&arteries.&
&
#50#µm#50#µm#
50#µm# 50#µm#
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In& the& cuffed& arteries,& plaques& begun& to& emerge& at& 3& weeks& and& progressed& into&
large& atherosclerotic& plaques& at& 9& weeks,& observed& upstream& and& downstream&
(Figure& 29).& Total& lipid& and& macrophage& area& was& quantified& from& histological&
sections& stained& for& lipids& and& macrophages.& Overall,& the& lipid& and& macrophage&
areas& in&the&upstream&regions&were& larger&than&their&downstream&counterparts&at&
each&time&point,&except&at&3&weeks.&Upstream&lipid&area&appeared&to&enlarge&over&
time&with&the&development&of&the&disease,&from&the&nascent&plaque&at&3&weeks&to&an&
advanced&atherosclerotic&plaque&at&9&weeks&(Figure&30).&Normalised&upstream&lipid&
area&revealed&an&increase&from&3&weeks&(0.05&±&0.03)&to&the&largest&area&(1&±&0.45)&at&
9&weeks,&although&the&variability& in&plaque&development&across&animals& rendered&
this& increase&not&statistically&significant&(p=0.1).&However,&the&lipid&areas&between&
the& 3& and& 7& weeks& were& significantly& different& from& each& other& (p<0.05).&
Downstream& lipid& area& seemed& to& remain& fairly& constant& over& the& duration& of&
disease& development& and& did& not& show& any& significant& differences& between& the&
groups.&Total&area& increased&over&2Ofold& from&0.12&±&0.06&at&3&weeks& to&0.31&±&0.1.&
Macrophage& accumulation& in& the& plaque& was& also& quantified& from& the& digitised&
stain&images&for&each&animal&over&time.&The&normalised&macrophage&area&in&both,&
the&upstream&and&downstream&regions&of&the&cuffed&artery,&follow&a&similar&trend&
as&the&lipids&in&those&regions.&The&upstream&macrophage&area&enlarged&from&0.03&±&
0.02&at& 3&weeks& to& 1&±&0.47&at&9&weeks.&Downstream,& the&macrophage&area&had&a&
smaller&growth&over&time,&increasing&from&0.11&±&0.06&at&3&weeks&to&0.25&±&0.05&at&9&
weeks&(Figure&31),&again&not&showing&any&statistically&significant&difference&between&
the&time&points.&The&areas&are&normalised&by&the&maximum&stain&area&at&9&weeks.&
All&areas&are&stated&as&mean&±&SE.&
&
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Figure& 29:& OilORed&O& & stain& images& (lipids& O& red)& and&macrophage& immunostain&
images& (positive& stain& O& bright& red)& seen& in& advanced& atherosclerotic& lesions&
upstream&(top&panel)&and&downstream&(bottom&panel)&of&the&cuff&at&9&weeks&in&the&
same&animal.&
&
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Figure&30:&Normalised&lipid&concentration&in&the&upstream&and&downstream&region&
of& the& cuff& over& time& from&week& 0& (baseline)& to& 9& weeks& postOsurgery& across& all&
animals.&
&
!
Figure&31:&Normalised&macrophage&concentration&in&the&upstream&and&downstream&
region&of&the&cuff&over&time&from&week&0&(baseline)&to&9&weeks&postOsurgery&across&
all&animals.&!
&
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Further,& 3D& histology& was& used& to& visualize& lipid& and& macrophage& distributions&
over&the&entire&in$vivo&carotid&artery&reconstructions.&A&representative&3D&histology&
reconstruction&for&lipids&and&macrophages&for&an&animal&at&9&weeks&is&shown&(see&
Figure&32).&The&stain&magnitudes&obtained&from&digitised&histological&stain&images&
are&mapped& for&mice& at&baseline,& 3,5,7& and&9&weeks&onto& all& of& the& instrumented&
and&uninstrumented&in$vivo&reconstructions.&The&3D&distribution&shows&significant&
spatial& plaque& heterogeneity& within& animals& at& a& particular& time& point& and& also&
between&time&points,&as&expected.&Contralateral&control&arteries&from&instrumented&
animals&and&both&carotid&arteries&from&baseline&animals&do&not&show&any&lipid&or&
macrophage& accumulation.& En& face& stain& distribution& maps& of& lipids& and&
macrophages&in&the&instrumented&artery&for&a&mouse&at&each&of&the&time&points&are&
shown& below& (Figure& 33).& It& is& important& to& note& that& the& stains& are& quantified&
through&the&intima&and&projected&onto&the&vessel&lumen.&&
&
!
Figure&32:&3D&Histology&reconstructions&of&lipids&(red)&and&macrophages&(dark&red)&
on&a&microCT&based&in$vivo&lumen&at&9&weeks.&The&cuff&is&shown&in&black.&
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LIPIDS$ MACROPHAGES$
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Figure& 33:& En& face& 3D&Histology&maps& of& lipid& (top&panel& O& red)& and&macrophage&
(bottom&panel&O&dark&red)&distribution&shown&for&instrumented&carotid&arteries&at&
each&time&point.&Solid&black&lines&indicate&cuff&location&and&top&and&bottom&dashed&
lines& indicate& location& of& carotid& bifurcation& and& aortic& arch,& respectively.& A&
contralateral&control&map&is&shown&for&comparison,&highlighting&the&lack&of&lipids&
and&macrophages&along&the&length&of&the&arteries.&! !
WEEK!3! WEEK!5! WEEK!7! WEEK!9!CONTROL!
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2.3.4% % % Co@localisation% of% Plaque% Markers% and% Haemodynamic%
Metrics%
&
&
Seven&WSS&based&metrics& (5& established& and&2&new)&were& calculated& for& all&mice&
and&time&points.&Plots&are&shown&for&the&three&metrics&that&best&overlap&with&both&
plaque& markers& O& lipids& and& macrophages,& in& the& upstream& and& downstream&
regions.& The& overlap&percentages& between&plaque&markers& and& the& other&metrics&
computed& are& summarised& only& for& the& 9&week& time& point& (Table& 10O13)& to& show&
how&metrics&at&all&earlier&time&points&relate&to& lipid/macrophage&accumulation&at&
the&end&point&(9&weeks)&of&the&study.&For&all&plots&shown,&we&mainly&focus&on&the&9&
week& stain& (lipids& or&macrophages)& overlapping&with& each&metric& (LSI,&HSI,& tSS)&
over&time&(shown&in&yellow).&Stain&overlaps&at&3,&5&and&7&weeks&are&shown&in&purple,&
pink&and&green&respectively.&Percentage&overlaps&are&stated&as&mean&±&SE.&&
The& pointObyOpoint& overlap& analysis& between& lipid&maps& and&metric&maps&
showed&that&regions&of&upstream&lipid&accumulation&overlapped&most&with&one&of&
the& newly& developed&metrics,& low& shear& index& (LSI)& (Figure& 34).& The& percentage&
overlap& analysis& for& the& lipid&map& at& 9&weeks&with& the& LSI&maps& computed& at& 9&
weeks&and&all&previous&time&points&displayed&the&highest&overlap&at&the&early&stage&
of& the& disease.& At& 0&weeks& (preOcuffed)& the&mean& overlap&was& low& (12.5& ±& 0.4%),&
significantly&increasing&to&a&mean&value&of&&63.5&±&16.9%&at&3&weeks&(p&<&0.05)&and&
gradually& decreasing& to& 9.9& ±& 4.2%& at& 9& weeks& (p& <& 0.05).& Similarly,& an& overlap&
analysis&between&the&lipid&maps&at&7&weeks&and&the&LSI&metric&at&7&weeks&and&all&
previous& time& points& also& followed& a& similar& trend.& Percentage& overlaps& were&
highest& at& 3& weeks& (59.2& ±& 6.67%)& compared& to& the& baseline& overlaps& (p& <0.05),&
decreasing&to&10.5&±&0.8%&at&7&weeks&(p&<&0.05).&LipidOLSI&overlaps&for&the&5&and&3&
week&lipids&followed&the&same&trend&but&with&lower&mean&overlap&values&owing&to&
the&smaller&plaques&at&earlier&time&points.&&&
&
In&the&downstream& region,&although&there&was&no&clear&trend&seen& in&the&
overlap& of& lipids& and& the& LSI& metric& over& time,& the& percentage& overlaps& were&
relatively& high& throughout& the& study& (Figure& 34).& The& overlap& percentages& of& 9&
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week&lipids&(yellow&points)&with&the&LSI&appear&to&increase&from&baseline&until&they&
peak&at&the&5&week&time&point&(83.2&±&2.6%),&while&at&the&end&point&of&the&study,&the&
overlaps& decrease& to& 45.4& ±& 2.9%,& although& this& is& higher& than& in& the& upstream&
region.& LipidOLSI& overlaps& from& 7& and& 5& week& lipids& also& follow& a& similar& trend,&
although& with& higher& overlap& values.& The& overlap& percentages& at& 5& weeks& were&
significantly&different&from&all&other&time&points&(p&<&0.05).&
Furthermore,& an&overlap& analysis& for& the&macrophage& accumulation& in& the&
upstream& and& downstream& regions& with& the& LSI& revealed& very& similar& trends& as&
with& the& lipids.&Upstream,& the&percentage&overlaps& for& the&macrophage&map&at&9&
weeks& (yellow&points)&with& the&LSI&maps&at&9&weeks&and&all&previous& time&points&
was&again& improved&from&0&weeks&(13.8&±&2.2%),&peaking&at& the&early&stage&of& the&
disease&with&a&mean&value&of&69&±&10.6%&at&3&weeks&gradually&tapering&over&time&to&
5.7& ±& 1.6%& at& 9& weeks& (Figure& 35).& Both& mentioned& comparisons& with& the& peak&
overlaps& were& significantly& different& (p& <& 0.05).& Downstream,& macrophage&
accumulation&at&9&weeks&highly&overlapped&with&regions&of&low&shear&(LSI)&at&the&3&
(76.3&±&6.5%)&and&5&weeks& (86.5&±&4.7%),& following&the&same&trends&as& the& lipids.&
Additionally,&macrophages&from&7&(purple)&and&5&weeks&(pink)&animals&appeared&to&
completely& accumulate& in& low& shear& regions& at& 3& and& 5& weeks& as& seen& by& the&
percentage&overlaps&approaching&100%&(Figure&35).&
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Figure&34:&Upstream&and&Downstream&overlap&analysis&of&lipids&and&LSI&maps&at&all&
time& points.& The& xOaxis& corresponds& to& the& time& points& at& which& animals& were&
scanned&with&MicroOCT&for&flow&modeling.&The&colours&represent&the&time&at&which&
histology&was&performed.& &The&yOaxis&corresponds& to& the&%&overlaps&between& the&
lipids&and&the&LSI&metric&at&the&various&time&points.&
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Figure& 35:& Upstream& and& Downstream& overlap& analysis& of& macrophages& and& LSI&
maps&at&all&time&points.&The&xOaxis&corresponds&to&the&time&points&at&which&animals&
were&scanned&with&MicroOCT&for&flow&modeling.&The&colours&represent&the&time&at&
which&histology&was&performed.&&The&yOaxis&corresponds&to&the&%&overlaps&between&
the&macrophages&and&the&HSI&metric&at&the&various&time&points.&
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The& en& face& LSI&maps& at& 3,& 5,& 7& and& 9&weeks& highlighted& regions& (in& red)& in& the&
instrumented& artery& where& the& local& shear& stress& is& lower& than& the& mean& shear&
stress&in&the&contralateral&control&artery&for&that&particular&animal&(Figure&36).&The&
values& range& from& 0& (blue)& to& 1& (red).& As& expected,& upstream& and& downstream&
regions&have&localised&areas&of&lower&shear&stress&when&compared&to&the&mean&wall&
shear&stress&in&the&contralateral&control&arteries&of&that&animal.&In&the&cuff&region&of&
all& animals,& the& opposite& is& true.& Figure& 36& qualitatively& demonstrates& that& the&
regions&of&low&shear&(shown&in&red)&decrease&over&time&from&week&3&to&week&9&in&
the&upstream&region.&In&the&downstream&regions,&however,&a&large&persistent&region&
of& low&shear&remains&over&time,&owing&to&the&recirculation&zones&that&are&created&
by&the&cuff.&&
&
!
Figure&36:&LSI&maps&at&3,5,7&and&9&weeks&showing&heterogeneity&of&the&metric&as&the&
disease&develops& into&advanced&stages.&Regions&of& lower& shear& stress& in&upstream&
appear&to&decrease&over&time.&Black&solid& lines& indicate&the&cuff&region&where&the&
shear& stress& is& higher& in& the& instrumented& arteries& when& compared& to& the&mean&
shear& stress& in& the& corresponding& control& arteries.& Top& and& bottom& blue& dotted&
lines&indicate&the&carotid&bifurcation&and&aortic&arch&respectively.&
&
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Next,&the&overlap&analyses&of&plaque&markers&with&the&HSI&metric&over&all&the&time&
points&are&also&shown.&Interestingly,&in&the&upstream%region,&in&the&initial&stages&of&
the&disease,&the&overlap&percentage&of&lipids&(from&9&weeks)&with&the&HSI&were&very&
low& (16.4& ±& 9.6%& at& 3& weeks)& but& gradually& increased& as& the& disease& develops,&
peaking&at&9&weeks&to&a&mean&overlap&percentage&of&68.9&±&13.5%&(Figure&37).&It&was&
found&that&the&overlaps&at&the&early&time&points&(0&and&3&weeks)&were&significantly&
different&(p&<&0.05)&from&the&later&time&points&(5,&7&and&9&weeks)&but&within&each&
group,&overlaps&were&not&significantly&different&from&each&other.&&
In& the& downstream& region,& overlap& percentage& of& lipids& with& the& HSI& metric&
remained&low&until&5&weeks&(4.3&±&1.5%)&but&increased&significantly&at&later&stages&of&
the&disease,&suggesting&the&importance&of&lower&shear&in&lipid&accumulation&at&early&
disease& stages& (Figure& 37).& Once& again,& the& macrophage& stain& (from& 9& weeks)&
overlap& analysis& with& the&HSI&metric& in& the& upstream& and& downstream& followed&
similar& trends& to& the& lipids.& In& the& upstream& region,& the& overlap& percentage&was&
lowest& at& 3& weeks& (12& ±& 5%)& and& once& again& gradually& increased& with& disease&
development& to& peak& at& 9&weeks& (74.4& ±& 7.85%)& (Figure& 38).& In& the& downstream&
region,&the&overlaps&remained&low&until&5&weeks&(5.8&±&3.7%)&and&peaked&at&7&weeks&
(68.7& ±& 7.2%),& p& <& 0.05& and& at& 9& weeks,& 43.2& ±& 9.8%& of& the& macrophages&
accumulated&in&high&shear&regions.&It&was&found&that&the&overlaps&at&3&weeks&was&
significantly&different&from&those&at&later&time&points&(p&<&0.05).&
&
&
&
&
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!Figure!37:!Upstream!and!Downstream!overlap!analysis!of!lipids!and!HSI!maps!at!all!time! points.! The! xIaxis! corresponds! to! the! time! points! at! which! animals! were!scanned!with!MicroICT!for!flow!modeling.!The!colours!represent!the!time!at!which!histology!was! performed.! ! The! yIaxis! corresponds! to! the!%! overlaps! between! the!lipids!and!the!HSI!metric!at!the!various!time!points.&!
&
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Figure& 38:& Upstream& and&Downstream& overlap& analysis& of&macrophages& and&HSI&
maps&at&all&time&points.&The&xOaxis&corresponds&to&the&time&points&at&which&animals&
were&scanned&with&MicroOCT&for&flow&modeling.&The&colours&represent&the&time&at&
which&histology&was&performed.&&The&yOaxis&corresponds&to&the&%&overlaps&between&
the&macrophages&and&the&HSI&metric&at&the&various&time&points.&
&
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Finally,& in& addition& to&our& two&metrics& that& are&based&on&magnitudes&of& low&and&
high& shear,& a& metric& that& accounts& for& the& complex& multiOdirectionality& of& flow&
(tSS)&has&also&been&shown.&Briefly,& in&the&upstream&region,&the&flow&was&laminar&
and&no&multidirectionality&was&seen,&resulting&in&tSS&values&of&0&(Table&10&and&12).&
Downstream,& overlap& trends&of& the& lipids& and&macrophages&with& the& tSS&metric&
were& similar,& revealing& a& good&percentage&overlap& at& earlier& time&points& (3& and& 5&
weeks)&but&a& lower&percentage&overlap&at& later&time&points&(7&and&9&weeks)& .&The&
overlap& of& the& lipids& from& 9& weeks& with& the& metric& over& time& (yellow& points)&
increased&from&0&at&baseline&to&65.4&±&5.7%&at&5&weeks.&At&9&weeks,&the&percentage&
overlap& was& halved& at& 33.8& ±& 2%.& Similarly,& the& overlap& of& the& macrophages&
increased&from&0&at&baseline&to&68.4&±&4.7%&at&3&weeks.&At&9&weeks,&similar&to&the&
lipids,& the& percentage& overlap& was& 31.7& ±& 6.4%& (Figure& 39).& All& comparisons&
mentioned&are&significantly&different&from&each&other&(p&<&0.05).&
&
&
&
&
&
&
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Figure&39:&Downstream&overlap&analysis&of&lipids&and&macrophages&with&tSS&maps&
at&all&time&points.&The&xOaxis&corresponds&to&the&time&points&at&which&animals&were&
scanned&with&MicroOCT&for&flow&modeling.&The&colours&represent&the&time&at&which&
histology&was&performed.& &The&yOaxis&corresponds& to& the&%&overlaps&between& the&
lipids/macrophages&and&the&tSS&metric&at&the&various&time&points.&
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Table&10:&Percentage&overlaps&between&Lipids&at&9&weeks&and&all&metrics&over&all&time&points&in&the&upstream&region.&
WEEK$
METRICS$
TAWSS$ WSSAD$ OSI$ RRT$ LSI$ HSI$ tSS$
0" 99.76"±"0.12" 0.00" 0.00" 100.00" 12.48"±"0.39" 18.16"±"3.10" 0.00"
3" 1.26"±"0.83" 0.00" 0.00" 0.00" 63.46"±"16.95" 16.37"±"9.67" 0.00"
5" 18.92"±"9.23" 0.00" 0.00" 0.00" 38.22"±"17.66" 49.76"±"22.51" 0.00"
7" 11.80"±"3.48" 0.00" 0.00" 0.00" 11.88"±"1.91" 55.95"±"10.48" 3.72"±"2.19"
9" 7.99"±"4.17" 0.00" 0.00" 0.00" 9.95"±"4.15" 68.85"±"13.54" 0.00"
&
&
Table&11:&Percentage&overlaps&between&Lipids&at&9&weeks&and&all&metrics&over&all&time&points&in&the&downstream&region&
WEEK$
METRICS$
TAWSS$ WSSAD$ OSI$ RRT$ LSI$ HSI$ tSS$
0" 98.28"±"0.47" 0.00" 0.00" 97.46"±"0.96" 44.44"±"1.48" 2.63"±"1.01" 0.00"
3" 11.52"±"3.93" 10.56"±"2.11" 52.89"±"5.02" 2.22"±"0.65" 65.75"±"7.41" 22.94"±"6.68" 55.46"±"6.17"
5" 0.00" 8.72"±"3.40" 53.64"±"7.13" 10.54"±"3.82" 83.17"±"2.59" 4.35"±"1.48" 65.45"±"5.69"
7" 32.64"±"7.98" 6.03"±"1.25" 15.11"±"1.31" 2.18"±"1.29" 32.63"±"8.69" 57.63"±"7.07" 21.20"±"3.45"
9" 15.01"±"3.14" 12.21"±"2.86" 23.23"±"3.50" 9.2"±"2.41" 45.36"±"2.90" 40.77"±"3.15" 33.85"±"2.07"
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Table&12:&Percentage&overlaps&between&Macrophages&at&9&weeks&and&all&metrics&over&all&time&points&in&the&upstream&region.&
WEEK$
METRICS$
TAWSS$ WSSAD$ OSI$ RRT$ LSI$ HSI$ tSS$
0" 96.74"±"0.92" 0.00" 0.00" 99.14"±"0.84" 13.81"±"2.18" 21.85"±"7.39" 0.00"
3" 0.04"±"0.02" 0.00" 0.00" 0.00" 69.01"±"10.63" 12.06"±"5.04" 0.00"
5" 18.29"±"7.27" 0.00" 0.00" 0.00" 41.89"±"16.02" 47.32"±"16.78" 0.00"
7" 14.74"±"3.50" 0.00" 0.00" 0.00" 9.39"±"2.79" 60.36"±"6.06" 1.21"±"0.32"
9" 7.40"±"2.96" 0.00" 0.00" 0.00" 5.67"±"1.65" 74.39"±"7.85" 0.00"!!
Table&13:&Percentage&overlaps&between&Macrophages&at&9&weeks&and&all&metrics&over&all&time&points&in&the&downstream&region.&
WEEK$
METRICS$
TAWSS$ WSSAD$ OSI$ RRT$ LSI$ HSI$ tSS$
0" 96.58"±"0.74" 0.00" 0.00" 98.89"±"0.73" 47.52"±"2.98" 0.31"±"0.25" 0.00"
3" 6.61"±"3.26" 16.11"±"2.91" 63.15"±"4.16" 4.43"±"1.87" 76.27"±"6.56" 17.34"±"7.23" 68.39"±"4.74"
5" 0.00" 5.18"±"1.83"" 45.44"±"7.23" 4.29"±"2.01" 86.49"±"4.73" 5.83"±"3.71" 62.68"±"5.04"
7" 39.82"±"6.51" 1.72"±"1.26" 6.47"±"1.46" 2.87"±"2.21" 22.52"±"7.28" 68.75"±"7.22" 14.84"±"4.33"
9" 8.40"±"5.40" 6.98"±"1.57" 21.32"±"3.55" 7.61"±"1.95" 48.50"±"9.56" 42.24"±"9.88" 31.68"±"6.45"!!
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2.4!!!Discussion(!
!
The$ focal$ nature$ of$ atherosclerosis$ is$ attributed$ to$ a$ flow$ resultant$ force,$ in$
particular$shear$stress,$which$has$been$identified$as$a$biomechanical$risk$factor$in$
the$development$of$the$disease$(Malek$et$al.$1999;$Krams$et$al.$2010;$Tarbell$et$al.$
2014).$ The$ perturbations$ in$ the$ magnitude$ and$ direction$ of$ this$ frictional$ force$
owing$ to$ physiological$ and$ geometrical$ factors$ results$ in$ the$ development$ of$
dysfunctional$ endothelium$ on$ a$ local$ scale,$ by$ the$ process$ of$
mechanotransduction,$ resulting$ in$ local$ heterogeneities$ in$ cellular$ morphology,$
functional$ response$ and$ gene$ expression$ profiles.$ This$ further$ activates$
downstream$ atheroprone$ mechanoFsensitive$ signaling$ pathways,$ ultimately$
deciding$ the$ fate$ of$ the$ plaque$ which$ can$ be$ broadly$ categorized$ into$ either$ a$
stable$plaque$phenotype$ found$ in$ regions$of$ low$and$oscillatory$shear$stress$or$a$
more$ ruptureFprone$ vulnerable$ plaque$ phenotype$ found$ in$ regions$ of$ low$ shear$
stress$(Cheng$2006).$The$sheer$number$of$these$mechanoFsensitive$pathways,$their$
interactions$ and$ their$ unknown$ dynamics$ in$ endothelial$ cells$ over$ a$ plaque$
suggests$ that$ it$ is,$ therefore,$ vitally$ important$ to$ be$ able$ to$ identify$ and$ isolate$
regions$ of$ endothelial$ cells$ from$ perturbed$ flow$ environments,$ to$ untangle$
individual$ signalling$ cascades.$ The$ tackling$ of$ this$ challenge$ requires$ the$
development$ of$ the$ disease$ to$ be$ studied$ on$ a$ temporally$ and$ spatially$ high$
resolution$ to$ultimately$decipher$old$and$new$signalling$pathways$ in$endothelial$
cells,$ that$ can$ be$ used$ to$ rationally$ design$ new$ targets$ for$ intervention$ of$ the$
treatment$of$atherosclerosis.$
$
In$ this$ study$we$have$developed$an$ integrated$computational$ framework$using$a$
combination$of$high$resolution$in#vivo$3D$imaging,$computational$modeling,$novel$
3D$histology$coregistration$and$statistical$tools.$This$framework$was$developed$to$
enable$the$correlation$of$the$localisation$of$lesions,$characterised$by$plaque$lipids$
and$ macrophages,$ with$ a$ number$ of$ established$ and$ novel$ shear$ metrics$ on$ a$
pointFbyFpoint$ basis$ longitudinally$ in$ mice.$ $ This$ framework$ can$ further$ be$
! 153!
extended$to$analyse$higher$number$of$plaque$features$(eg.$collagen,$transcription$
factors,$ etc.)$ and$ future$metrics$ to$ comprehensively$ study$ atheromatous$ plaque$
development$ and$ identify$ subsequent$ molecular$ mechanisms$ using$ systems$
biology$and$cuttingFedge$genomics.$
$
Previously,$ lack$ of$ imaging$ technology$ led$ to$ the$ utilisation$ of$ postFmortem$
imaging$ techniques$ (e.g.,$ vascular$ corrosion$ casting,$ in# vitro$ microFCT)$ to$
reconstruct$ vessel$ geometries$ for$ computational$ models,$ thus$ negating$ the$
possibility$of$follow$up$studies.$Suo$et$al$(Suo$et$al.$2006)$studied$the$WSS$patterns$
in$mouse$aortas$ reconstructed$ from$scanning$ rigid$casts$ to$quantify$vascular$cell$
adhesion$moleculeF1$ and$ intercellular$ adhesion$moleculeF1$ expression$ and$ found$
increased$ expression$ in$ low$ WSS$ regions.$ Other$ studies$ used$ similar$ imaging$
techniques$ to$ study$ flow$ fields$ and$ plaque$ formation$ in$ mice$ to$ identify$ new$
predictors$of$plaque$localisation$in$murine$aortas$(Assemat$et$al.$2014).$But$these$
studies$were$limited$to$studying$WSS$patterns$in$mice$at$a$single$point$in$time$by$
the$ use$ of$ in# vitro$ imaging$ techniques.$ The$ study$ presented$ here$ employed$
contrast$ enhanced$ in$ vivo$ microFCT$ in$ ApoEF/F$ mice$ to$ obtain$ highFresolution$
images$ of$ the$ murine$ vasculature$ serially$ from$ 3$ to$ 9$ weeks$ through$ disease$
development$ from$which$ the$ 3D$ cuffed$ and$ control$ geometries$were$ segmented$
and$ reconstructed.$ The$ resulting$ 3D$ lumen$ reconstructions$ were$ used$ as$
computational$models$for$CFD$to$compute$the$flow$fields$and$WSS$distributions$in$
both$carotid$arteries$at$all$time$points,$aiming$to$provide$a$longitudinal$analysis$of$
plaque$ development$ and$ taking$ temporal$ changes$ into$ consideration$ when$
attempting$to$find$the$best$predictor$for$plaque$development.$
$
Moreover,$ in# vivo$Doppler$velocity$measurements$ (Table$7)$were$used$as$mouseF
specific$ inlet$velocity$boundary$conditions$ for$all$pulsatile$simulations$performed$
at$the$various$time$points.$The$measurements$showed$a$decrease$in$the$peak$and$
mean$velocities$in$the$left$carotid$artery$3$weeks$post$cuff$placement$which$could$
possibly$ be$ due$ to$ the$ formation$ of$ a$ flow$ limiting$ stenosis$ induced$ by$ the$
placement$of$the$rigid$constricting$cuff,$increasing$the$resistance$to$incoming$flow,$
as$has$been$seen$in$previous$studies$(Harmon$et$al,$2012).$However,$a$decrease$was$
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also$observed$in$the$uninstrumented$arteries$at$3$weeks$post$cuff$placement.$This$
overall$reduction$in$blood$velocities$in$the$mice$could$be$attributed$to$the$effects$
of$ two$ imaging$sessions$(microFCT$and$Ultrasound)$ in$close$succession$requiring$
periods$ of$ anaesthesia,$ as$ well$ as$ the$ contrast$ agent$ injections$ for$ CT$ imaging,$
which$ could$ influence$mice$ velocities$ although$ these$ effects$ are$ not$ completely$
known$ and$ require$ further$ investigation.$ Further,$ the$ velocity$ profile$ in$ the$ left$
was$also$seen$to$be$consistently$different$ to$ the$right$velocity$profiles$ (Figure$21)$
which$ is$ likely$ due$ to$ the$ cuff$ placement$ in$ the$ left$ artery$ increasing$ flow$
resistance,$as$a$comparison$between$the$diameters$in$the$baseline$animals$with$the$
instrumented$animals$showed$no$significant$difference,$however,$velocities$in$the$
control$ artery$were$ consistently$ found$ to$be$higher$ than$ the$cuffed$artery$ in$ the$
instrumented$animals$but$baseline$animals$showed$no$difference$between$the$left$
and$right$artery$velocities$(Figure$40).$
$$
!
Figure$40:$Left$F$No$significant$difference$seen$between$the$inlet$diameters$of$the$
baseline$and$post$ surgery$animals.$Right$–$Significant$difference$ (p$<$0.001)$ seen$
between$the$inlet$velocities$of$the$left$(lower)$and$right$arteries$in$the$post$surgery$
animals$when$compared$to$baselines.$
$
WSS$ distribution$ patterns$ computed$ showed$ three$ distinct$ regions$ of$ low,$ high$
and$oscillatory$ shear$ stress$ (as$ seen$ from$ the$ streamlines$ depicting$ recirculation$
zones)$ in$upstream,$ cuff$ and$downstream$regions$ respectively$ (Figures$24,25).$ In$
comparison,$ the$ control$ arteries$ displayed$ fairly$ homogeneous$ WSS$ patterns,$
owing$ to$ the$ largely$ laminar$ flow$ in$ those$ arteries.$ Most$ features$ of$ the$ WSS$
patterns$ observed$ were$ largely$ similar$ between$ animals,$ but$ geometrical$
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variations,$ using$mouseFspecific$ velocities$ and$ subtle$ differences$ in$ cuff$ location$
and$fit$can$explain$differences$in$magnitudes$and$WSS$patterns.$In$particular,$the$
occurrence$of$elevated$WSS$downstream$of$the$cuff$on$the$outer$curvature$of$the$
wall$ in$ particular,$ is$ due$ to$ a$ jet$ phenomenon$ of$ the$ flow$ on$ exiting$ the$ cuff.$
Additionally,$this$jet$stream$causes$the$flow$separation$of$the$lower$velocities$from$
the$ higher$ axial$ velocities$ leading$ to$ recirculation$ or$ flow$ reversal$ seen$ in$ these$
downstream$ regions,$ quantified$ by$ oscillatory$ flow$metrics$ like$ the$OSI$ and$ the$
transWSS$or$tSS.$These$oscillatory$flow$patterns$have$been$previously$linked$with$
plaque$ formation$ and$ marginal$ differences$ in$ stenosis$ severity$ (induced$ by$ the$
cuff)$can$affect$the$sizes$and$shapes$of$the$recirculation$zones$further$affecting$the$
evolution$of$plaque$growth$in$those$regions$(Javadzadegan$et$al.$2013).$
 
Moreover,$ these$ regions$ of$ low$ and$ oscillatory$ shear$ stress$ upstream$ and$
downstream$of$the$cuff$displayed$continual$plaque$growth.$Histological$analysis$of$
plaque$lipids$and$macrophage$content$suggests$the$development$of$vulnerable$and$
stable$ plaques$ in$ the$ same$ arterial$ segment$ in$ the$ upstream$ and$ downstream$
regions$respectively.$$The$lipid$and$macrophage$concentrations$(and$areas)$in$the$
upstream$region$showed$a$sustained$enlargement$over$time,$suggesting$larger$lipid$
cores$ and$ macrophage$ accumulation$ in$ areas$ of$ inflammation,$ resembling$ the$
vulnerable$ plaque$phenotype.$ In$ the$downstream$ regions$however,$ the$ lipid$ and$
macrophage$ areas$ were$ lower$ in$ comparison$ to$ the$ upstream$ regions,$ and$ also$
seemed$to$remain$fairly$stable$over$time,$suggesting$the$presence$of$stable$plaques.$
These$results$were$consistent$with$previous$studies$(Cheng$2006)$(Kuhlmann$et$al.$
2012)$ and$ validated$ the$ perivascular$ cuff$model$ to$ investigate$ the$ presence$ of$ a$
causal$ link$ between$ the$ development$ of$ plaques$ and$ perturbed$ shear$ stress$
induced$ in$ an$ animal$ model$ of$ atherosclerosis.$ $ In$ general,$ lipid$ rich$ plaque$
distributions$within$animals$of$a$certain$time$point$were$similar$but$some$animals$
showed$larger$plaques$than$others.$However,$variability$of$this$nature$is$expected$
and$could$be$attributed$to$small$scale$geometrical$factors,$animal$size$differences,$
their$ dietary$ intake$ (ad$ libitum)$ shown$ by$ the$ difference$ in$ weights,$ subtle$
differences$ in$ cuff$ locations$ and$ placement,$ or$ even$ genetic$ predisposition.$ As$
previously$mentioned,$ the$recirculation$zones$could$vary$ in$ lengths,$ thus$ leading$
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to$ larger$ flow$ stagnation$ zones,$ possibly$ facilitating$ further$ macromolecule$
transport$across$the$arterial$wall$causing$larger$plaques$to$develop.$
The$digitisation$of$the$histological$stains$provided$stain$intensities$that$the$
3D$ histology$ platform$ coFregistered$ onto$ the$ in# vivo$ 3D$ luminal$ reconstructions$
from$animals$ at$ corresponding$ time$points.$These$ coFregistered$ ‘stain$maps’$ and$
‘metric$maps’$provided$the$ foundation$for$overlaps$to$be$analysed$on$a$pointFbyF
point$ basis$ to$ identify$ metrics$ as$ predictors$ for$ plaque$ localisation$ and$
composition.$Although$there$have$been$no$such$longitudinal$studies$performed$in$
animal$ models,$ a$ small$ number$ of$ attempts$ have$ been$ made$ in$ patients$ using$
intimal$ thickness$ as$ the$ key$ plaque$ feature$ and$ have$ found$ no$ significant$
correlations$ with$ low$ shear$ regions$ (Augst$ et$ al.$ 2003;$ Joshi$ 2004).$ However,$ a$
recent$ patient$ study$ by$ Canton$ et$ al$ (Canton$ et$ al.$ 2013)$ performed$ a$ pointFbyF
point$ correlation$ analysis$ between$ the$ lipid$ rich$ necrotic$ core$ (LRNC)$ thickness$
from$MRI$based$identification$and$found$a$positive$correlation$in$6$out$of$8$cases$
with$ WSS$ magnitudes.$ Nevertheless$ these$ studies$ have$ not$ examined$ plaque$
progression$ over$ time$ and$ have$ hence$ provided$ just$ a$ snapshot$ of$ the$ potential$
correlations$ that$ should$ be$ investigated$ further$ in$ serial$ studies,$ as$ has$ been$
attempted$in$our$study.$
$
The$resulting$shear$stress$vectors$from$the$haemodynamic$simulations$were$used$
to$ compute$ seven$ shear$ stress$ based$metrics,$ and$ spatially$mapped$ onto$ the$ 3D$
histology$ reconstructions,$ rendering$ 3D$ ‘metric$ maps’$ for$ each$ metric$ for$ all$
animals$ and$ time$points.$ The$ two$new$metrics$ developed$ took! advantage$ of$ the$
presence$of$a$control$vessel$for$each$animal,$providing$a$mouseFspecific$reference$
shear$value$when$performing$the$pointFbyFpoint$metrics$analysis.$Furthermore,$the$
control$ vessels$ allowed$ us$ to$ have$ a$ histological$ comparison$ between$ the$ two$
carotid$ arteries$ to$ confirm$ that$ the$ highFfat$ diet$ alone$ did$ not$ lead$ to$
atherosclerotic$plaque$development.$
$
The$overlap$analysis$ results$ from$our$study$revealed$ that$one$of$ the$new$metrics$
developed,$ the$ low$ shear$ index$ (LSI)$ was$ the$ best$ predictor$ of$ early$ lipid$ and$
macrophage$ accumulation$ in$ the$ vulnerable$ plaques$ seen$ upstream.$ It$ was$
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observed$that$the$percentage$overlaps$of$the$LSI$metric$tapered$gradually$over$the$
course$ of$ disease$ development$ (Figure$ 34).$ The$ overlap$ percentage$ was$ highest$
(~65%)$at$week$3$and$over$the$timeFcourse$of$plaque$development,$reduced$to$~9%$
at$the$terminal$end$point$of$the$study.$In$comparison,$the$overlap$percentages$with$
the$ HSI$ metric$ showed$ the$ opposite$ trend.$ In$ downstream$ regions,$ again$ high$
overlaps$with$the$LSI$were$found$at$early$time$points$for$both$plaque$constituents,$
followed$by$an$ increase$ in$overlaps$with$the$HSI$metric$at$ later$ time$points.$The$
reasons$ for$ the$ difference$ in$ observations$ upstream$ and$ downstream$ could$ be$
attributed$to$a$combination$of$factors.$Firstly,$the$flow$charactertistics$and$hence$
the$WSS$in$the$upstream$and$downstream$regions$vastly$differ$from$one$another.$
Upstream,$the$flow$is$expected$to$be$fully$developed$with$no$multidirectionality$as$
it$approaches$the$cuff,$where$plaque$is$observed.$Additionally,$as$the$cuff$creates$a$
flowFlimiting$stenosis,$the$shear$stress$in$the$upstream$region$is$lower$than$in$the$
control$artery,$captured$by$the$LSI,$but$has$no$oscillatory$component.$Downstream$
of$the$cuff$however,$ is$a$very$complex$flow$environment.$On$exiting$the$cuff,$the$
flow$ velocities$ are$ very$ high,$ creating$ a$ jet$ phenomenon$ that$ leads$ to$ the$
development$of$ vortices$or$ recirculation$zones$with$bidirectional$blood$ flow$and$
WSS.$ Large$ low$ shear$ regions$ are$ observed$ in$ vortices$ and$ certain$ higher$ shear$
regions$are$observed$due$to$ the$ jet$ like$ flow$ impinging$on$the$wall$of$ the$artery.$
This$ observation$ is$ further$ supported$by$ the$ en$ face$ LSI$maps$ at$ all$ time$points$
(Figure$36)$showing$ larger$red$areas$(LSI)$downstream$in$the$earlier$ time$points,$
followed$ by$ an$ increase$ in$ the$ blue$ areas$ (HSI)$ towards$ the$ later$ stages.$ These$
differing$ flow$ environments$ cause$ independent$ responses$ from$ the$ endothelium$
upstream$ and$ downstream,$ possibly$ leading$ to$ differing$ rates$ of$ plaque$
development.$ It$ was$ observed$ that$ large$ and$ advanced$ atherosclerotic$ plaques$
were$observed$downstream$as$early$as$the$week$3$time$point.$ In$comparison,$the$
plaques$upstream$continuously$matured$over$time,$resulting$in$advanced$plaques$
towards$the$later$time$points.$Hence,$it$appears$that$plaques$grow$much$earlier$in$
the$complex$flow$environment$downstream$as$compared$to$the$upstream$plaque.$
This$observation$is$supported$by$the$continuous$increase$in$lipid$and$macrophage$
areas$ upstream$ while$ the$ downstream$ areas$ remained$ fairly$ constant$ over$ time$
(Figure$30$and$31).$Finally,$another$combination$that$could$affect$the$difference$in$
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observations$seen$upstream$and$downstream$could$be$the$remodeling$of$the$vessel$
wall$ in$ the$ different$ shear$ stress$ environments,$ thus$ affecting$ the$ local$WSS$ as$
discussed$in$the$next$paragraph.$
$
Here$ we$ further$ discuss$ the$ overlaps$ of$ the$ upstream$ region,$ the$ locations$ of$
vulnerable$ plaque$ development.$ The$ observations$ suggest$ that$ the$ lipids$ and$
macrophages$initially$begin$to$accumulate$in$the$low$shear$regions$at$early$stages$
of$ atherogenesis,$ but$ later$ coFlocalise$with$ regions$ of$ higher$ shear,$ compared$ to$
the$baseline$ shear$ in$ the$control$ artery.$The$ reason$ for$ these$observations$ is$not$
entirely$clear$but$a$possible$explanation$could$be$the$smallFscale$adaptations$of$the$
vessel$wall$ leading$to$ local$changes$ in$WSS$distributions.$ It$has$been$shown$that$
WSS$magnitudes$are$geometry$dependent$and$hence$sensitive$to$local$variations$in$
the$wall$(Vincent$et$al.$2011).$To$investigate$this$further,$closer$inspection$revealed$
an$ interesting$observation.$ $There$ appeared$ to$be$ a$ lack$of$ contrast$ in$upstream$
regions$(immediately$proximal$to$the$cuff)$seen$in$the$in#vivo$microFCT$raw$images$
(Figure$ 41)$ and$ subsequently$ in$ the$ 3D$ reconstructions$ for$ a$ majority$ of$ the$
geometries$ from$5$weeks$ to$9$weeks.$ $This$could$ suggest$ the$presence$of$ inward$
remodeling$in$areas$of$low$shear$upstream,$due$to$the$ingrowth$of$the$vulnerable$
plaque$ as$ it$ continues$ to$ grow$ in$ the$ later$ stages$ of$ disease$ development.$
Alternately,$ another$ possible$ explanation$ for$ the$ remodeling$ of$ the$ vessel$ wall$
upstream$of$the$cuff$could$be$a$result$of$the$change$in$mechanical$stresses$due$to$
the$placement$of$the$cuff$as$suggested$by$Mohri$et$al.$They$have$demonstrated$an$
increase$ in$ wall$ thickness$ upstream$ of$ the$ cuff$ in$ undiseased$ C57bl/6$ mice$
suggesting$ a$ remodelling$ response$ to$ placing$ a$ flowFlimiting$ cuff$ around$ the$
carotid$ artery$ (Mohri$ et$ al$ 2014).$ A$ large$ body$ of$ evidence$ in$ the$ literature$ has$
shown$ the$ relation$between$ low$ shear$ and$ vascular$ remodeling,$ specifically$ how$
lower$shear$stimulates$endothelial$responses,$leading$to$a$decreased$lumen$radius,$
in$a$bid$to$maintain$a$physiological$shear$level$(Wentzel$et$al.$2003;$Chatzizisis$et$
al.$2007).$Furthermore,$as$lumen$narrowing$upstream$causes$an$elevated$shear,$as$
seen$proximal$to$the$upstream$base$of$the$cuff$from$the$WSS$distributions$(Figure$
25).$ This$ could$ explain$ the$ increase$ in$ percentage$ overlaps$ of$ plaque$ lipids$ and$
macrophages$with$the$high$shear$index$(HSI)$in$the$latter$stages,$when$remodeling$
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is$more$ promiment.$ These$ findings$ could$ suggest$ that$ low$ shear$ stress$ plays$ an$
important$ role$ in$ the$ initiation$of$ the$disease,$ leading$ to$ lipid$accumulation$and$
macrophage$recruitment,$and$after$initial$compensatory$remodeling$of$the$lumen,$
the$role$of$high$shear$stress$grows$ in$ importance$during$disease$progression$and$
potentially$ cause$ plaque$ rupture,$ as$ also$ proposed$ by$ Foin$ et$ al$ (Chapter$ 3$ in$
(Escaned$&$Serruys$2010)).$Quantifying$ the$ inward$ remodeling$ in$murine$carotid$
arteries$and$investigating$a$potential$relation$to$plaque$constituent$overlaps$would$
be$ interesting$ and$ requires$ further$ attention.$ $ However,$ the$ quantification$ of$
inward$ remodeling$ of$ murine$ carotid$ arteries$ from$ in# vivo$ microFCT$ based$
reconstructions$will$possibly$pose$the$biggest$challenge.$
$
Finally,$ although$ the$ novel$ metrics$ developed$ herein$ show$ better$ overlaps$ with$
plaque$ features$ in$ this$ study$ compared$ to$ previously$ established$ metrics$
(summarized$in$Table$10F13),$oscillatory$flow$metrics,$particularly$tSS,$also$showed$
a$ good$ agreement$ with$ lipid$ and$macrophage$ accumulation$ in$ the$ downstream$
region.$ This$ is$ likely$ due$ to$ the$ presence$ of$ lipids$ and$macrophages$ in$ the$wall$
corresponding$to$ large$recirculation$zones,$with$ instantaneous$ flow$disturbances,$
captured$by$the$metric.$In$the$upstream$regions,$the$flow$was$expected$to$be$in$a$
fullyFdeveloped$state$with$a$parabolic$profile$and$no$inFplane$flow.$This$is$because$
of$the$presence$of$flow$extensions$of$length$1.5D$added$to$the$vessel$inlet$(entrance$
to$ common$ carotid$ artery),$ measuring$ approximately$ 1$ mm.$ Additionally,$ the$
vessel$segment$length$before$the$flow$reaches$the$regions$of$interest,$which$are$the$
regions$ of$ plaque$ development,$ proximal$ to$ the$ cuff,$ is$ ~2$ mm$ in$ length.$ This$
allows$a$total$entrance$length$of$~3$mm,$while$an$entrance$length$in$the$order$of$2$
mm$has$been$suggested$as$ the$distance$ required$ for$a$ laminar$velocity$profile$ to$
develop$ in$mice$ aortas$ (Hartley$ et$ al,$ 2011),$ suggesting$ the$ entrance$ lengths$ for$
carotid$arteries$might$be$lower.$Additionally,$ it$ is$also$important$to$note$that$the$
mouse$common$carotid$arteries$are$straight$vessel$segments$with$no$branches$to$
create$ flow$ disturbances,$ thus$ allowing$ the$ flow$ to$ fully$ develop,$ particularly$
upstream$of$the$cuff.$As$a$result,$the$oscillatory$metrics$such$as$the$OSI$and$the$tSS$
returned$ very$ low$ values$ upstream,$ and$ hence$ displayed$ no$ correlations$ with$
plaque$lipids$and$macrophages.$It$is$important$to$note$that$the$same$might$not$be$
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true$ for$ the$pigs$due$to$ the$curved$nature$of$ the$coronary$arteries.$However,$ the$
two$new$metrics$(LSI$and$HSI)$proved$to$be$good$predictors$of$plaque$localisation$
over$time$and$must$be$extended$to$other$species$and$parts$of$the$vasculatures$to$
further$validate$the$capabilities$of$these$metrics.$
!
Figure$41:$ In# vivo$microFCT$ images$(left$–$7$weeks,$ right$–$9$weeks)$show$inward$
remodelling$ (yellow$arrow)$ seen$proximal$ to$ the$ cuff$ in$ the$ region$of$ vulnerable$
plaque$development.$
!
Limitations!of!the!Study!
$
Firstly,$ contrast$ enhanced$ in# vivo$ microFCT$ and$ Doppler$ ultrasound$ scans$ were$
performed$for$animals$serially$from$3$to$9$weeks$postFsurgery.$However,$there$is$no$
data$ available$ at$ 4$weeks,$ as$ the$ animals$ could$ not$ be$ scanned$due$ to$ technical$
issues$with$ the$CT$scanner.$Moreover,$ although$six$animals$were$ imaged$ serially$
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(more$than$once),$the$longitudinal$scans$could$not$be$performed$in$all$animals$for$
7$successive$weeks$due$to$animal$welfare$reasons$and$lack$of$available$literature$on$
animal$health$outcomes$ for$ long$durations$of$anaesthesia$and$ injection$of$a$new$
vascular$ contrast$ agent$ for$ the$ purpose$ of$ followFup$ studies.$ Four$ animals$ died$
during$ the$ duration$ of$ the$ experiments$ including$ 1$ during$ a$ CT$ scan.$ It$ had$ a$
necrotic$tail$from$2$previous$contrast$agent$injections$which$is$consistent$with$the$
only$other$study$employing$contrast$enhanced$ in# vivo$microFCT$ imaging$of$mice$
(Trachet$ et$ al.$ 2014).$ Furthermore,$ a$ total$ of$ seven$ scans$ were$ not$ entirely$
successful,$either$due$to$technical$issues$with$the$scanner$or$loss$of$gating,$leading$
to$low$image$quality$unfit$for$accurate$image$segmentation$of$the$entire$lengths$of$
the$carotid$arteries.$This$also$limited$the$sample$size$at$each$of$the$time$points.$
$
Secondly,$ the$ results$ of$ this$work$ are$ limited$by$ the$CFD$modeling$ assumptions$
made.$ Blood$was$ assumed$ to$ be$ a$Newtonian$ fluid,$ a$ rigid$wall$ assumption$was$
made$ for$ the$ vessel$ lumen$ and$ a$ tractionFfree$ outlet$ boundary$ condition$ was$
applied$as$in#vivo$mouseFspecific$outlet$velocities$could$not$be$acquired.$However,$
studies$ have$ shown$ that$ the$ use$ of$ compliant$ walls$ and$ the$ use$ of$ a$ nonF
Newtonian$fluid$models$have$minor$quantitative$effects$on$the$local$flow$patterns$
and$absolute$ values$of$ the$WSS,$while$WSS$distributions$will$ be$ similar,$ as$with$
using$the$subjectFspecific$outlet$boundary$conditions$(Younis$et$al.$2004;$Kim$et$al.$
2008;$Castro$et$al.$2014).$$
$
Finally,$ it$ was$ observed$ from$ the$ in# vivo$ velocity$ measurements$ that$ peak$ and$
mean$ velocities$ in$ the$ control$ and$ cuffed$ arteries$ showed$ a$ sudden$ increase$ at$
week$7.$Similar$rises$ in$the$control$arteries$were$seen$at$week$5$and$in$the$mean$
velocities$of$cuffed$arteries$at$week$9.$Interestingly,$the$analysis$revealed$that$these$
velocity$ increases$ appeared$ at$ weeks$ when$ the$ Doppler$ velocity$ measurements$
were$acquired$prior$ to$the$ in# vivo$ imaging$sessions$(week$5$and$7)$or$when$there$
was$ a$ 72$ hour$ recovery$ period$ between$ the$ imaging$ session$ and$ the$ velocity$
measurements$ (week$ 9).$ These$ occurrences$were$ a$ result$ of$ scanner$ availability.$
Further$ investigation$ showed$ that$ postFimaging$ animal$ recovery$ periods$ varied$
between$animals$ leading$to$a$stagnation$or$ loss$of$body$weight$ for$most$animals$
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immediately$postFimaging$sessions$in$successive$weeks.$Table$22$(see$Appendix$A)$
shows$the$body$weights$over$time$in$group$A$where$M2$and$M4$are$post$imaging$
weight$ measurements.$ A$ mean$ increase$ of$ 2.03$ ±$ 1.31$ gms$ (mean$ ±$ SD)$ was$
observed$from$M1$to$M5.$In$group$B,$measurements$M1,$M3$and$M5$were$obtained$
before$imaging$and$M3$and$M6$were$obtained$post$imaging$(Appendix$A,$table$23).$
These$ animals$ became$ heavier$ by$ 0.05$ ±$ 0.71$ (mean$ ±$ SD)$ over$ time.$ This$
discrepancy$ between$ the$ 2$ groups$ could$ be$ explained$ by$ the$ relatively$ sharp$
increase$in$weights$for$most$animals$in$group$A$at$week$7$and$week$9$due$to$the$
long$recovery$period$after$their$first$imaging$session$at$3$weeks$leading$to$healthier$
animals$ having$ a$ good$ dietary$ intake.$ Such$ sharp$ increases$ in$weights$ were$ not$
seen$ in$ group$ B$ which$ could$ be$ explained$ by$ the$ close$ proximity$ of$ imaging$
sessions$ at$ 5,6$ and$ 8$ weeks$ leaving$ a$ relatively$ shorter$ recovery$ period$ for$ the$
animals,$ possibly$ leading$ to$ a$ reduction$ in$ dietary$ intake.$ These$ observations$
further$ supported$ our$ explanation$ above$ for$ the$ rise$ in$ velocities$ and$ hence$
suggested$ that$ the$ order$ of$ imaging$ sessions$ and$ subsequent$ recovery$ periods$
must$be$taken$into$consideration$while$planning$future$experiments.$
$
In$ summary,$ the$ current$ chapter$ showed$ the$ development$ and$ application$ of$ a$
novel$ platform$ to$ compute$ WSS$ patterns$ and$ related$ metrics$ within$ in# vivo$
stenosed$ carotid$ arteries$ of$ mice,$ in$ a$ serial$ manner,$ and$ correlate$ the$ WSS$
patterns$ with$ atherosclerotic$ plaque$ composition$ to$ identify$ new$ predictors$ of$
vulnerable$ plaque$ initiation$ and$ progression.$ The$ results$ from$ this$ chapter$
supported$ our$ hypothesis,$ suggesting$ that$ perturbed$ regions$ of$ low$ shear$ stress$
might$be$linked$with$early$disease$initiation$characterised$by$the$accumulation$of$
lipids$ and$macrophages$ in$ the$ plaques.$ Further,$ our$ inFhouse$ developed$metrics$
(LSI$ and$ HSI)$ appeared$ to$ have$ the$ highest$ predictive$ capabilities$ of$ plaque$
constituent$ localisation$and$must$be$ further$ examined$ in$different$ settings.$ $The$
said$platform$can$also$be$extended$to$future$serial$studies$in$large$animal$models$
and$patients$ for$ further$ examination$of$ the$mechanisms$of$plaque$ initiation$and$
progression$to$find$the$best$haemodynamic$predictor.$
$
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Chapter(3!
Induction)of"Low"Shear&Stress&Leads&to"
Advanced(Atherosclerotic(Plaque(
Formation)in"Coronaries"of"
Hypercholesterolemic.Minipigs!
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In! the! previous! chapter,! patterns! of! wall! shear! stress! were! computed! in!
stenosed!murine! carotid! arteries! over! time! and! correlations! of! various! shear!
metrics! were! performed! with! plaque! morphological! features! using! a!
comprehensive! computational! framework.! Herein,! the! animal;specific! wall!
shear!stress!distributions!were!computed!in!realistic! in#vivo!representations!of!
stented! coronary! arteries! in! transgenic! minipigs,! to! serially! study! plaque!
progression!and!evaluate!shear!dependent!mechanisms!underlying!accelerated!
atherogenesis! and! thin;cap! fibroatheroma! formation!using! the! computational!
platform!from!chapter!two.!This!chapter!is!being!readied!for!manuscript.!
Section!3.1!gives!a!brief!introduction!to!the!chapter.!The!methods!documenting!
serial! in# vivo! image! acquisition! to! flow! field! computation! and! co;registration!
with! histology! is! described! in! Section! 3.2.! The! resulting! WSS! distributions,!
histological!data!and!findings!of!the!overlap!analyses!are!presented!in!Section!
3.3.!Finally,!Section!4.4!provides!a!discussion!of!the!obtained!results!along!with!
limitations!of!the!study.!
!
3.1! Introduction!
!
Atherosclerosis,! a! focal! lipid! driven! inflammatory! process,! is! the! principal!
underlying! pathology! in! patients! with! coronary! heart! disease! (CHD),! which!
commonly! presents! with! symptoms! of! luminal! narrowing! of! an! epicardial!
coronary! artery! or! an! ACS.! ACS! is! caused! by! the! disruption! of! an!
atherosclerotic! plaque,! resulting! in! a! cascade! of! events! including! platelet!
activation,! thrombosis,! embolism,! coronary! occlusion! and! consequent!
myocardial!infarction.!Myocardial!infarctions!could!occur!either!due!to!partial!
or!complete!thrombotic!occlusion!of!a!coronary!artery!due!to!the!rupture!of!an!
advanced!plaque!at!the!site!of!a!critical!stenosis!(Libby!2013).!However,!the!pre;
existing! degree! of! coronary! stenosis! by! the! atherosclerotic! plaque! is! not! a!
predictor! of! its! vulnerability;! in! fact,! most! ACS! cases! are! caused! by!
! 165!
atherosclerotic!lesions!with!only!mild!to!moderate!stenosis!(Delgado!&!Abbott!
2013).! Thus,! an! improved! understanding! of! the! mechanisms! underlying! the!
initiation,!progression!and!de;stabilisation!of!high!risk!atherosclerotic!plaques!
is!needed! to!enable! the! identification!of!patients!and! lesions!at! risk!of! future!
clinical!presentation!with!CHD.!
!
Postmortem! and! in# vivo# intracoronary! imaging! studies! have! suggested! that!
vulnerable!plaques!causing!ACS!are!frequently!characterised!by!a!large!necrotic!
core,! abundant!macrophage! infiltration,! a! reduced!number!of! smooth!muscle!
cells!and!a!thin!fibrous!cap!(<65!µm)!(Virmani!et!al.!2003;!Virmani!et!al.!2006;!
G.! W.! Stone! et! al.! 2011),! termed! a! thin;cap! fibroatheroma! (TCFA).! Plaque!
rupture! at! sites! of! TCFAs! is! the! commonest! underlying! finding! at! autopsy,!
occurring! in! ~60%! of! patients! with! sudden! cardiac! death,! secondary! to!
coronary! thrombosis! (MJ! 1992).!Plaque!rupture! is!among!the!most!commonly!
observed! mechanism! of! plaque! disruption! (Falk! et! al.! 2012),! suggesting! a!
potentially!important!role!for!biomechanics!to!improve!the!understanding!and!
prediction!of!this!often!devastating!event.!!
!
The! recently! published! PROSPECT! study! suggested! that! TCFA! as! defined! by!
intravascular! ultrasound! (IVUS)! was! one! of! the!main! causes! of! ACS,! though!
only! accounted! for! a! recurrence! rate!of!4.9%!over! 3! years! (G.!W.!Stone!et! al.!
2011).! However,! the! spatial! resolution! of! IVUS! is! insufficient! for! accurate!
measurement! of! fibrous! cap! thickness! and! therefore! may! limit! precise!
definition! of! TCFA! in# vivo,! accounting! for! the! low! specificity! in! identifying!
them! in! the! aforementioned! study.! While! Optical! Coherence! Tomography!
(OCT),!which!has!a!significantly!higher!resolution!than!IVUS!(typically!15µm!vs!
80µm!respectively),!can!demonstrate!TCFA!as!the!culprit!lesion!morphology!in!
~70%! of! patients! with! ACS! (Kubo! et! al.! 2007;! Jang! 2005),! this! plaque!
morphology!can!be!observed!in!both!non;culprit!vessels!of!ACS!patients!and!in!
stable! coronary! artery! disease.! These! data! suggest! that! features! other! than!
plaque!morphology! are! needed! to! identify! high;risk! plaques! at! risk! of! future!
ACS!(Falk!&!Wilensky!2012).!
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Subsequently,!there!has!been!considerable!interest!in!identifying!which!factors!
in!addition!to!plaque!morphology!may!improve!identification!of!plaques!at!risk!
for! future! ACS.! ! Recently,! studies! have! combined! plaque! morphology!
assessment!by!IVUS!with!measures!of!local!endothelial!WSS,!which!is!known!to!
play!an!important!role!in!the!localisation!and!progression!of!high!risk!plaques,!
by!causing!endothelial!dysfunction!leading!to!altered!cell!biology!via!a!number!
of!mechano;transductive!pathways! (Chatzizisis!et!al.!2008;!Cheng!2006;!P.!H.!
Stone! 2003).! Low,! non;oscillatory! as! well! as! low,! oscillatory! WSS! are! the!
conditions!most! associated!with!plaque!progression! and! they!predominate! at!
curved! arterial! segments,! the! outer! points! of! bifurcations! and! in! segments!
downstream!of! luminal! stenosis.! Several! experimental!models!have! suggested!
that!low!WSS!conditions,!especially!when!they!persist,!are!associated!with!the!
development! of! TCFA;like! plaques! (Cheng! 2006;! Chatzizisis! et! al.! 2008;!
Koskinas,! Chatzizisis,! et! al.! 2013).! Assessment! of! local! WSS! distributions! in!
humans! using! IVUS!based! 3D! reconstructions! have! associated! regions! of! low!
WSS!with!coronary!plaque!progression!(Samady!et!al.!2011;!Koskinas,!Feldman,!
Chatzizisis,! et! al.! 2010;! Koskinas,! Chatzizisis,! et! al.! 2013).! However,! the!
determination! of! these! low! WSS! regions! may! be! significantly! improved! in!
accuracy!by!the!use!of!high!resolution!intracoronary! imaging!techniques!such!
as!OCT!rather! than!IVUS!which!would!not!only!enable!WSS!measurement! in!
higher! fidelity! geometries! but! additionally! allow! accurate! quantification! of!
plaque! morphology! such! as! fibrous! cap! thickness! (Bourantas! et! al.! 2012;!
Bourantas!et!al.!2014).!!
!
The!relationship!between!WSS!and!atherosclerosis!has!been!studied!in!murine!
and! porcine! models,! as! well! as! man.! The! previous! chapter! demonstrated! in!
ApoE;/;!mice!fed!a!Western!diet,!that!imposition!of!low!and!low!oscillatory!WSS!
by! placement! of! a! perivascular! cuff! around! the! carotid! artery! leads! to! the!
development! of! TCFA;like! plaques,! consistent! with! previous! studies! (Cheng!
2006;! Cheng,! Tempel,! et! al.! 2007).! While! mice! are! often! used! in! studies! of!
atherosclerosis!due!to!their!rapid!procreation!rate,!short!lifespan!and!low!costs,!
their!small!size!and!different!cardiovascular!physiology!imposes!limitations!on!
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the! study! of! atherosclerosis! progression! and! predilection! sites! as! it! relates! to!
man.! Importantly,! they! do! not! develop! coronary! lesions.! Furthermore,!
Reynolds! and! Dean! numbers! scale! with! size! and! are! significantly! lower! in!
rodent! models! as! compared! with! values! in! man! (Cheng,! Helderman,! et! al.!
2007).! The! anatomy! and! physiology! of! the! cardiovascular! system! of! pigs! is!
similar!to!that!of!humans.!Additionally,!they!develop!humanoid!lesions.!Use!of!
pig!models!enables!direct!instrumentation!and!assessment!of!coronary!arteries!
in#vivo,!which!is!not!possible!using!rodent!models,!and!the!use!of!intravascular!
imaging! modalities! that! can! be! readily! translated! to! patients.! A! number! of!
porcine!models!of!atherosclerosis!have!been!developed!(see!section!1.4).!Recent!
important! investigations! of! the! relationship! between! WSS,! atherosclerotic!
plaque!progression!and!composition!have!been!performed! in!Yorkshire! swine!
rendered! diabetic! with! streptozotocin! and! fed! with! a! high! cholesterol! diet!
(Chatzizisis! et! al.! 2011;! Koskinas,! Feldman! &! Chatzizisis! 2010;! Koskinas,!
Sukhova,! et! al.! 2013).! These! studies! suggest! that! in! zones! of! low! WSS,!
atherogenesis! can! be! accelerated! whereas! in! areas! of! persistent! low! WSS,!
TCFA;like! plaques! can! be! induced.! However,! the! degree! of!
hypercholesterolaemia! achieved! in! this! model! is! variable! with! consequent!
variability! in! atherosclerotic!plaque!development! (Koskinas,!Chatzizisis,! et! al.!
2013).! In! addition,! previous! implementations! of! this! model! have! required!
dietary!cholate!supplementation!to!maintain!hypercholesterolaemia!(Mohler!et!
al.!2008),!which!is! in! itself!pro;inflammatory!and!therefore!should!be!avoided!
in!investigations!of!atherosclerosis!(Vergnes!et!al.!2003)!
!
In!this!study,!the!computational!framework!and!tools!developed!in!the!previous!
chapter!were!applied!to!study!the!relation!between!shear!stress!based!metrics!
(eg.! LSI,! OSI! etc.)! and! plaque! formation! in# vivo! in! recently! reported! novel!
transgenic! D374Y;PCSK9!hypercholesterolemic! minipigs.! Unlike! previous!
studies! employing! hypercholesteraemic! pigs,! in! these! pigs,! LDL! cholesterol!
persistently! increases!when! administered! a! high! fat! high! cholesterol! (HFHC)!
diet!(Al;Mashhadi!et!al.!2013).!We!hypothesize!that!the!imposition!of!persistent!
low!and!oscillatory!WSS! in! the!coronary! circulation!accelerates! atherogenesis!
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in!D374Y;PCSK9! transgenic! hypercholesterolaemic! Yucatan!minipigs.! To! test!
this!hypothesis,!a!shear;altering!stent!(Foin!et!al.!2013)!was!implanted!into!the!
coronary!artery.!Before!(baseline)! implantation,! immediately!after,!and!at! two!
subsequent! time! points! (18! and! 36! weeks),! intracoronary! imaging! with!
frequency;domain! optical! coherence! tomography! (FD;OCT)! was! performed.!
Furthermore,! in# vivo! CFD! was! performed! and! WSS! distributions! were! co;
registered! with! 3D! histological! stain! distributions! on! the! in# vivo! lumen! to!
interrogate! the! relationship!between!alteration!of! shear! stress! conditions! and!
atherogenesis.!
!
!
!
!
!
!
!
!
!
!
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3.2"""Methods!
The! following! section! discusses! the! methods! of! the! chapter.! I! would! like! to!
acknowledge! Dr.! Ranil! de! Silva! for! implanting! the! stents! and! coordinating!
imaging! experiments! and! his! team! for! OCT! contouring.! Additionally,! our!
collaborators!in!University!of!Aarhus,!Dr.!Erling!Falk,!Dr.!Christian!Poelsen!and!
their! group! for! providing! the! animal! model,! the! imaging! facilities! and!
processing! the! histology! sections! for! this! study.! Finally,! Dr.! Ryan! Pedrigi! for!
assisting!with!the!data!analysis!and!statistics.!
!!
3.2.1!!!Animals!!
!
!
All! experiments! were! performed! in! 5! female! Yucatan! minipigs! with! a!
genetically! engineered! liver;specific! overexpression! of! the!D374Y! gain;of;
function! mutant! of! the! gene! human! proprotein! convertase!
subtilisin/kexin! type! 9! (PCSK9),! as! first! described! in! a! paper! by! Al;
Mashhadi! et! al! (Al;Mashhadi! et! al.! 2013).! ! It! was! shown! that! these!
animals! develop! severe! hypercholesterolemia! and! human;like!
atherosclerotic!lesions.!They!were!housed!and!maintained!in!a!pathogen;free!
stable!facility!and!6!months!after!weaning,!were!fed!a!cholate;free!high!fat!high!
cholesterol!(HFHC)!diet!for!a!period!of!13!weeks!prior!to!the!experiments.!The!
diet! (Sigma;Aldrich)! consisted! of! 20%! lard! and! 2%! cholesterol! added! to! a!
standard!pig!diet!of!68.0%!barley,!15.0%!oat,!9.6%!soy!bean!meal,!2.0%!animal!
fat,!3.0%!molasses,!and!2.4%!minerals!and!vitamins.!The!pigs!received!700;900g!
of! this! diet! divided! into! two! portions! daily.! All! animal! experiments! were!
performed! in! accordance! with! the! ethical! and! welfare! regulations! of! the!
University! of! Aarhus! and! approved! by! the! Danish! Animal! Experiments!
Inspectorate.!
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3.2.2!!!Drugs!
!
!
One! week! prior! to! stent! implantation,! the! pigs! received! 25mg! atenolol! daily!
and! 200mg! amiodarone! twice! a! day! to! minimise! the! risk! of! arrhythmic!
complications! during! stent! implantation.! A! day! before! the! experiments,! the!
animals!were!loaded!with!300!mg!Aspirin!daily!and!600!mg!of!Clopidogrel,!after!
which!the!animals!received!75!mg!Aspirin!and!75!mg!Clopidogrel!once!daily!for!
the! rest!of! the! study!duration.! !All!procedures!were!performed!under!general!
anaesthesia! with! Sevoflurane! inhalation! dosed! to! a! Minimum! Alveolar!
Concentration!(MAC)!of!1.2;1.4!and!Analgesia!and!fentanyl!(50!μg/ml)!dosed!at!
15!ml/hour! intravenously.!During! the!coronary!angiography,!OCT!acquisition,!
and! Doppler! velocity! measurements,! the! animals! were! given! unfractionated!
heparin!at! the!start!of! the!experiment!and!each!hour!until! the!procedure!was!
finished.! The! animals! also! received! Glyceryl! Trinitrate! whenever! the! blood!
pressure!allowed!it.!Finally,!the!animals!were!administered!1g!ampillicin!before!
and!after!the!procedures!to!minimise!the!risk!of!infections.!!
!
!
!
3.2.3!!!In!vivo!Imaging!!
The! measurements! were! performed! in! the! clinical! facility! of! the! Aarhus!
University! Hospital,! Skejby,! which! had! access! to! state! of! the! art! calibrated!
digital! fluoroscopy!suites! (Allura!Xper!FD10,!Philips),!FD;OCT!(Optis,!St! Jude!
Medical),! IVUS!(iLab,!Boston!Scientific)!and!combined!pressure/Doppler! flow!
wire!(Combowire,!Volcano!Therapeutics).!
! !
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3.2.3.1!!!Angiography!!
!
!
An!8F!guide!femoral!arterial!sheath!(Arrow)!was!placed!percutaneously!under!
ultrasound! guidance.! Cardiac! catheterisation! was! performed! with! standard!
techniques.! The! left! coronary! artery! was! engaged!with! an! 8F!Hockey! Stick! I!
guiding! catheter.! After! administration! of! intracoronary! isosorbide! dinitrate!
(0.3;1mg),! serial! monoplane! coronary! angiography! was! performed! (Philips!
Allura! Xper! FD10)! at! multiple! projections! (>30°! intervals)! using! iso;osmolar!
iodinated! contrast! agent!Visipaque320! (iodixanol)! to! delineate! both! the!OCT!
catheter!and!the!lumen!contours.!Unfractionated!heparin!(100u/kg)!by!weight!
was! also! administered! and! supplemented! as! required! to! prevent! coagulation.!
The!acquisition!was!ECG!gated!and! respiration!was!briefly!paused! to!prevent!
respiratory!motion! artifacts.! Coronary! flow! velocity!was!measured! in! the! left!
anterior!descending!(LAD)!and!left!circumflex!(LCx)!coronary!arteries!using!a!
ComboWire!(Volcano!Corporation).!The!ComboWire!was!advanced!to!the!tip!
of! the! guide! catheter,! where! aortic! pressure! and! ComboWire! pressures! were!
equalised.!It!was!then!advanced!into!a!proximal!vessel!segment!at! least!5!mm!
away!from!any!major!angiographic!side!branch!(>2!mm!diameter)!to!measure!
the! inlet! velocity! over! 10! –! 20! stable! cardiac! cycles.! Physiological! parameters,!
oxygen! saturations,! end;tidal! CO2! and! ECG! were! continuously! monitored!
throughout!the!duration!of!the!experiment.!
!
3.2.3.2!!!Fourier!Domain!Optical!Coherence!Tomography!(FD?OCT)!
!
!
A! sheathed! C7! Dragonfly! FD;OCT! Catheter! was! inserted! via! a! 0.014”!
angioplasty! guidewire! and! intracoronary! OCT! pullbacks! were! performed! in!
both! the! LAD! and! the! LCx! coronary! arteries! using! the! C7;XRTM! Fourier!
Domain!OCT!system!(St.!Jude!Medical,!USA).!The!pullbacks!were!performed!at!
a!speed!of!20!mm/sec!and!a!frame!rate!of!100!per!second!after!blood!clearance!
by! intracoronary! infusion! (4;8!mL! per! second)! of! contrast!media! (iodixonol)!
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using!a!pump!injector!at!300!psi.!Prior!to!each!pullback,!the!FD;OCT!catheter!
was! imaged! in! orthogonal! views! during! injection! of! iodinated! contrast! to!
enable! downstream! determination! of! the! catheter! path! for! 3D! vessel!
reconstruction! of! the! artery! and! delineation! of! anatomical! landmarks! to!
facilitate!accurate!co;registration.!
!!!!
3.2.4! ‘Stenotic’! Stent! Implantation! in! Coronary! Arteries! and!
Follow?Up!Procedures!!
3.2.4.1!!!Coronary!‘Stenotic’!Stent!
!
!
The!stenotic!stents!were!supplied!by!Abbott!Vascular,!USA.!They!were!based!on!
3! x! 12! mm! stainless! steel! coronary! stents! and! had! an! expandable!
polytetrafluoro;!ethylene! (ePTFE)!covering!over! the! stent.!The!covered! stents!
were! crimped! on! 3mm! or! 3.5mm! balloons! and! polymer! circular! rings! were!
placed! in! the! middle! of! the! stent,! thus! limiting! the! expansion! of! the! stent!
during! deployment,! creating! a! 50%! diameter! stenosis! (Figure! 42)(Foin! et! al.!
2013).!Following!the!completion!of!baseline!in#vivo!measurements!as!explained!
above! (section! 3.2.3),! the! stenotic! intracoronary! stent! (modified! 3! x! 12! mm!
Graftmaster,!Abbott!Vascular)!was!implanted!in!the!LAD!(N=1)!and!LCx!(N=4),!
with!care! to!avoid!major! side!branches.!Originally,! the! study!design! included!
the! randomization!of! the! stent! location!between! the!LAD!and!LCx.!However,!
the! ease! of! access! to! the! LCx! and! subsequent! reduction! in! experimental!
duration!led!to!the!stent!being!placed!in!the!LCx!in!all!pigs!but!one.!Coronary!
angiography,!coronary!flow!velocity!and!FD;OCT!measurements!were!repeated!
in!the!stented!and!non;stented!vessel,!which!served!as!the!control.!In!2!of!the!5!
animals,! blood! flow! measurements! and! intravascular! imaging! was! also!
performed! in! the! right! coronary! artery! before! and! after! stent! placement! of! a!
3x12! mm! conventional! bare! metal! stent! (Vision)! with! appropriate! post;
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deployment!optimisation.!Finally,!the!animals!were!returned!back!to!the!stable!
for!continual!care,!administration!of!HFHC!diet!and!study!medications.!
!
!
Figure! 42:! Prototype! stent! mounted! over! an! inflated! PCI! balloon.! Note! the!
crimped! central! region! creating! a! stenosis.! (Figure! adapted! from! (Foin! et! al.!
2013))!
!
Stenotic!Stent!Validation!Study!
!
The! feasibility! of! employing! the! stenotic! stent! to! induce! accelerated!
atherosclerosis!in!this!novel!hypercholesterolemic!pig!model!of!atherosclerosis!
was!tested!in!a!pilot!study.!!The!chief!purpose!of!the!pilot!study!was!to!attempt!
to!mimic!the!perturbations!of!endothelial!shear!stress!seen!previously!in!mice!
(Cheng!2006)!by!generating!three!distinct!regions!of! low,!high!and!oscillatory!
shear!stress!in!a!vessel!segment!by!employing!a!flow!modifying!device.!Briefly,!
stenotic! stents! with! varying! degrees! of! stenosis! to! mimic! different! coronary!
lesion! severities! were! implanted! in! coronary! arteries! of! ! healthy! hybrid!
Landrace!pigs!(n=8).!The!animals!were!catheterised!via!the!femoral!artery!using!
a!9F!guiding!catheter!and!advanced!to!the!left!main!coronary!ostium.!Biplane!
coronary!angiography!was!performed! for! the! target!coronary!arteries! (LAD!or!
LCx)! and! the! vessels! were! further! reconstructed! from! end;diastolic! gated!
angiograms! using! CAAS! QCA;3D! (Pie! Medical! Imaging,! the! Netherlands).!
Steady! blood! flow! simulations! were! performed! in! these! arteries! using! the!
commercial! software! Fluent! (Ansys,! USA).! Blood! was! assumed! to! be! a!
Newtonian! fluid!with!a!viscosity!of! 3.5!mPa.s!and!a!density!of! 1050!kg/m3.! !A!
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rigid! wall! with! a! no! slip! boundary! condition! was! assumed.! Inlet! velocity!
comprised!of! a!plug!profile!with!a!0.15!m/s!mean!velocity! and! the!outlet!was!
assumed!to!be!traction!free.!The!impact!of!the!coronary!stenosis!induced!by!the!
stenotic! stent!was! visualised!by! the!plotting!of!wall! shear! stress! distributions!
and! flow! streamlines! over! the! vessel! lumen.! The! data! acquired!was! part! of! a!
larger! collaborative! study!performed! in! these!pigs! to!measure!Fractional! flow!
reserve!(FFR)!across!coronary!lesions!of!varying!severities!(analysed!using!OCT)!
induced!by!stenotic!stents!(see!(Foin!et!al.!2013)).!!!!!!
3.2.4.2!!!Follow?Up!Catheterization!Studies!!
!
Serial!monoplane! coronary! angiography,! FD;OCT,! and! coronary! flow!velocity!
measurements! were! performed! in! the! coronary! arteries! at! two! time! points!
following!the!baseline!measurements:!!18!and!36!weeks!post!stent!implantation,!
as!summarised!in!table!14!and!15.!The!36!week!time!point!was!the!terminal!end!
point!of! the!study.!These! time!points!were!selected!based!on!the! time!course!
for! the! development! of! human;like! stable! and! vulnerable! plaques! in!
uninstrumented! coronary! arteries! reported! previously! (Al;Mashhadi! et! al.!
2013).!2!animals!died!during!the!duration!of!the!study.!!
!
!
3.2.5!!!Histopathology!
!
!
At!the!terminal!end!point!of!the!study,!the!animals!were!injected!with!heparin!
to! prevent! blood! coagulation! and! euthanized! by! intravenous! injection! of!
40mmol! Potassium! Chloride! solution.! ! The! heart! was! excised! and! coronary!
arteries! were! flushed! with! PBS! to! remove! excess! blood! from! the! coronary!
arteries.! It! was! then! perfusion;fixed!with! 4%! formalin! in! phosphate;buffered!
(PBS)!for!1!hour!at!a!physiological!pressure!of!100!mmHg,!after!which!the!hearts!
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remained! immersed! in! 4%! formalin/PBS! and! then! embedded! in! paraffin! for!
subsequent! serial! sectioning.! Subsequently,! 5mm! thick! paraffin! embedded!
tissue! blocks! were! prepared! immediately! proximal! and! distal! to! the! shear!
modifying!stent.!!The!excised!arteries!were!attached!to!the!myocardium,!which!
served! as! a! fiducial! marker! for! circumferential! orientation! of! the! sections!
during!subsequent!co;registration!of!histology!to!the!3D!reconstruction!of!the!
arteries.! At! each! of! the! histology! processing! steps,! the! arteries! were! imaged!
with! a! digital! camera! with! a! reference! scale! to! enable! estimation! of! axial!
shrinkage!linked!to!that!step.!From!the!paraffin!embedded!tissue!blocks,!3m!
thick!serial!histological!sections!were!systematically!collected!and!stained!with!
haematoxylin!and!eosin!(H&E),!picrosirius!red!(collagen)!and!muramidase!(pan!
macrophage!marker).!Tissue! staining!and!microscopy! imaging!was!performed!
at!the!University!of!Aarhus!and!digitisation!was!performed!at!the!Department!
of!Bioengineering,!Imperial!College!London.!
!!
3.2.6!!!FD?OCT!Based!3D!Reconstructions!!!
In! order! to! reconstruct! the! coronary! arteries! from! FD;OCT! pullbacks,! an! in;
house! 3D;OCT!MATLAB! script! was! developed! in! our! group! by! Anouk! Post,!
supervised!by!Dr.!Ryan!Pedrigi!and!myself.!The!following!section!explains!the!
steps!in!the!process.!!
3.2.6.1!!!OCT!Contour!Extraction!
!
The!raw!OCT!DICOM!data!was!loaded!into!a!commercially!available!OCT!and!
IVUS! image! analysis! software! echoPlaque! 4.0! (INDEC!Medical! Systems)! and!
the!lumen!was!segmented!from!each!frame!(~170!frames!per!vessel)!by!manual!
selection! of! points! around! the! lumen! boundary.! The! software! constructs!
contours! from! every! OCT! frame! by! connecting! the! points! with! smoothing!
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splines.! ! Subsequently,! trained! cardiologists! were! asked! to! identify! thin! cap!
atherosclerotic!lesions!from!the!OCT!and!care!was!taken!to!accurately!contour!
plaques!manually!(Figure!43).!!Although!the!3D;OCT!software!is!not!capable!of!
automatically! detecting! plaque,! the! segmentation! process! enables! the! plaque!
location!to!be!projected!onto!the!corresponding! lumen!points.!This!was!done!
by!identifying!the!corresponding!points!on!the!lumen!and!plaque!contours!by!
calculating!the!distance!between!points!on!both!contours!and!finding!the!point!
on!the!plaque!contour!that!lay!closest!to!the!line!normal!to!the!corresponding!
point! on! the! lumen! contour.!Next,! the! distance! between! the!matched! lumen!
and! plaque! points! was! calculated! and! the! plaque! location! was! identified! by!
selecting! a! threshold! distance! between! the! points,! and! identifying! all! points!
above! the! threshold! distance! as! the! plaque! location! and! projected! onto! the!
lumen!(Figure!44).!After!segmenting!the!lumen!of!an!entire!OCT!pullback,!the!
result! is! a! discrete! description! of! the! segmented! 2D! contours! for! each! OCT!
frame.!The!next!step!in!the!reconstruction!process!is!finding!the!catheter!path.!
Data!was!exported!in!2!separate!files! in! .xml!format,!one!for!the!vessel! lumen!
and!plaque!contour!data,!and!the!other!for!the!bifurcation!contour!data,!all!of!
which!were!input!for!the!3D;OCT!software.!
!
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Figure!43:!OCT!image!–!lumen!and!plaque!contouring.!The!image!is!an!example!
of!an!OCT!cross!section!where!the!plaque!is!identified!(white!arrows).!Initially,!
the! lumen! is! contoured! (shown! in! red)! and! an! additional! contour! (shown! in!
blue)! is! drawn! to! delineate! the! plaque.! In! order! to! identify! the! plaque,! the!
contour!is!extended!beyond!the!vessel!wall!at!the!plaque!location!(6;7!o’clock).!
This! allows! the! software! to! identify! the! points! in! the! extended! zone! as! the!
plaque!location!and!project!it!on!the!lumen.!
!
!
Figure!44:!Finding!the!points!on!the!plaque!contour!(blue)!that!correspond!to!
points! on! the! lumen! contour! (black)! by! looking! for! the! points! closest! to! the!
normal!at!a!lumen!contour!point!(black!line).!The!points!on!the!lumen!contour!
that!are!marked!as!plaque!locations!are!red.!
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3.2.6.2!!!Determination!of!OCT!Catheter!Path!from!Angiograms!
!
The! catheter! path! was! approximated! by! reconstructing! the! shape! of! the!
catheter! from! the! angiograms.! Respiration!was! paused! during! the! angiogram!
acquisition! to! minimise! motion! artifacts.! Serial! monoplane! angiograms!
acquired!at!two!angles!(>30°!difference)!were!loaded!into!quantitative!coronary!
analysis! software! CAAS! 5.11! (Pie;Medical! Imaging,! Leiden,! NL,! the!
Netherlands).!End;diastolic!frames!(peak!of!the!QRS!complex!in!the!ECG)!were!
selected! from!both! runs,! and!3D! reconstructions!of! the!vessel! lumen!and! the!
catheter! path! were! obtained.! The! software! semi;automatically! detects! vessel!
borders! and! determines! a! vessel! centerline.! The! algorithm! reconstructs! the!
vessel! lumen! in! 3D! by! assuming! elliptical! cross! sections,! using! the! recording!
geometry! of! the! X;ray! images,! the! centerline! and! the! lumen! borders!
(Schuurbiers! et! al.! 2009).! Care!was! taken! to! begin! the! vessel! lumen! and! the!
catheter! path! reconstructions! from! the! same! reference! point,! the! radiopaque!
marker!seen!on!the!OCT!catheter!(Figure!45).!The!centerlines!of!the!vessel!and!
catheter! reconstructions! were! extracted! from! the! Vascular! Modeling! Toolkit!
(VMTK).!They!were!then!fed!into!the!3D;OCT!software!for!smoothing,!done!by!
adequately! downsampling! the! number! of! points! and! connecting! the! reduced!
set!by!smoothing!splines!(Figure!46).!The!segmented!OCT!lumen!contours,!the!
smoothed! catheter! centreline! and! vessel! centreline! along! with! their! 3D!
reconstructions!were!all!used!as!input!for!the!3D;OCT!reconstruction!software.!
! 179!
!
Figure! 45:! An! angiogram! of! a! vessel! with! a! catheter! inside.! The! radiopaque!
marker!is!clearly!seen!(as!depicted!by!the!yellow!arrow)!and!used!as!a!reference!
point.!It!is!also!clearly!visible!that!the!catheter!does!not!lie!in!the!centre!of!the!
vessel.!
!
!
Figure!46:!Catheter!reconstruction!process.!Step!1:!Catheter!reconstruction!with!
CAAS! (left).! Step! 2:! Centre! line! extraction! with! VMTK! (middle).! Step! 3:!
Smoothing!(right).!
!
!
!
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3.2.6.3!!!Catheter!Torsion!and!Absolute!Orientation!!
!
!
During!an!OCT!pullback,!the!catheter!experiences!twisting!due!to!torsion!and!
the! curvature! of! the! artery! itself.! ! The! 3D;OCT! software! accounts! for! this! by!
applying!the!Sequential!Triangulation!Algorithm,!which!is!the!discretised!form!
of!the!Frenet;Serret!formulae!as!explained!by!Wahle!et!al!(Wahle!et!al.! 1999).!
The!Frenet;Serret! formulas!describe! the! rotation!of! a! local! coordinate! system!
due! to! curvature! and! torsion,! the! ‘Frenet;Serret! frame’.!An! arbitrary! frame! is!
assigned! to! the! first! point! of! the! catheter! path! reconstruction! and! all! the!
subsequent! coordinate! frames! are! calculated! relative! to! its! previous! frame,!
making!use! of! triangles!made!up! of! three! consecutive! points! on! the! catheter!
path!(Pi,!Pi+1!and!Pi+2).!The!concept!is!depicted!in!Figure!47!below.!
!
!
Figure!47:!Sequential!Triangulation!Algorithm.!Figure!adapted! from!Wahle!et!
al,!1999.!
!
The! vertices! of! each! triangle! are! denoted! by! Pi,! Pi+1! and! Pi+2.! The! frame! is!
located!midway!between!Pi!and!Pi+1.!The!next!frame!is!obtained!by!rotating!the!
current! frame!by!the!enclosed!angle!αi!,! around!the!normal!ni! to! the! triangle,!
which!is!located!at!the!center!of!the!circumscribing!circle.!The!location!of!this!
frame! would! be!midway! between! Pi+1! and! Pi+2.! In! this! way,! all! the! Frenet;
Serret! frames! are! obtained! with! the! Sequential! Triangulation! Algorithm.! A!
rotation!matrix!is!then!generated!for!each!of!the!OCT!contours,!which!provides!
an!accurate!relative!orientation!for!every!frame.!!
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Although!the!relative!orientation!of!all!the!frames!is!known,!the!orientation!of!
the!first!frame!was!arbitrarily!chosen.!Thus!the!entire!set!of!frames!would!need!
to! be! rotated! around! the! catheter! path! by! a! certain! angle! to! obtain! their!
absolute! orientation.! ! This! angle,! needed! to! obtain! an! accurate! 3D;OCT!
reconstruction,!can!be!obtained!by!using!the!‘out;of;centre!vector!approach’!to!
determine! the!absolute!orientation!of! the! frames! (Wahle!et!al.! 1999).!Vectors!
are!constructed!from!the!catheter!to!the!centre!of!the!lumen!for!both!the!OCT!
and!the!angiography!reconstructions.!The!angle!Φi!between!these!two!vectors!is!
calculated!for!each!OCT!frame!and!a!statistical!analysis!as!used!by!Wahle!et!al!
is!used!to!determine!a!single!correction!angle!for!all!the!OCT!contours!(Figure!
48).!
!
The!out;of;centre!vector!for!an!OCT!contour!is!defined!as:!∆! = !"#!"#$%" − !!"#!"#!!
!
Figure! 48:! ’Out;of;centre! vector! approach’.! Vectors! are! constructed! from! the!
catheter! to! the! centre! of! the! lumen! for! both! the! OCT! and! the! angiography!
reconstructions.!The!angle!between!these!two!vectors!for!each!cross!section!is!
calculated.!Image!adapted!from!(Wahle!et!al.!1999).!
!!
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3.2.6.4!!!Smoothing!and!Rotation!
!!
In! order! to! eliminate! irregularities! on! the! surface! of! the! 3D;OCT!
reconstruction,! a! Fourier! filter! was! built! into! the! algorithm! to! smooth! the!
surface! and! create! an! accurate! representation! of! the! in# vivo! geometry! for!
computational! fluid!dynamics.!Using! the!Fast!Fourier!Transform!(FFT)!of! the!
surface!and!eliminating! the! frequencies!above!a! certain!cut;off! frequency!can!
be!used! to! reduce! the! roughness!of! the! surface! that!occurs!on! a! spatial! scale!
higher!than!the!cut;off!frequency.!As!the!contours!were!made!from!smoothing!
splines! between! the! user! defined! points! as! mentioned! in! section! 3.2.6.1,! the!
smoothing! filter! was! applied! in! the! direction! of! the! vessel! axis! and! not!
circumferentially.!!!!
To!eliminate! irregularities! that!occurred!on!a!small! scale,!a!2D! low;pass! filter!
was!also!applied!in!the!longitudinal!direction.!The!cut;off!frequency!in!this!case!
was!chosen!as!a!quarter!of!the!maximum!frequency,!which!means!that!changes!
on!a!scale!smaller!than!four!contours!are!reduced.!!Figure!49!shows!the!effect!of!
smoothing!on!a!stented!vessel.!!
!
Figure!49:!OCT!contours!before!(left)!and!after!(right)!filtering!a!stented!vessel.!
It!can!be!seen!that!the!smoothing!is!minimal,!but!removes!some!of!the!sharp!
edges.!
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Finally,!the!entire!3D;OCT!reconstruction!is!rotated!in!order!to!align!the!vessel!
along!the!X;axis!with!the!center!of!the!first!contour!located!at!the!origin.!This!is!
done!to!allow!the!boundary!condition!of!the!inlet!velocity!to!be!applied!in!the!X!
direction!accurately!and!prevent!secondary!velocity!components!in!the!Y!and!Z!
direction.! The! software! then! exports! the! lumen! reconstruction! as! a!
stereolithography! (STL)! file,! which! is! a! triangulated! surface! described! by! the!
vertices! and! normal! of! each! triangle.! Prior! to! meshing! the! geometry,! a!
secondary! surface! smoothing! operation! is! performed! in! VMTK! with! internal!
units!of!0.1!and!50!iterations.!
!
!
!
3.2.6.5!!!Software!Validation!
!
In!order!to!validate!the!3D;OCT!algorithm,!it!was!important!to!use!a!phantom!
of! known! internal! dimensions! and! measure! the! percentage! error! in! the!
dimensions! of! the! phantom! reconstruction! generated! by! the! algorithm.! As!
discussed!previously,!in!order!to!perform!reliable!image;based!CFD!simulations!
and! predict! accurate! WSS! magnitudes,! the! geometries! of! interest! must! be!
highly!representative!of!in#vivo!vessel!configurations.!To!that!end,!the!phantom!
developed!was! designed! in! CAD! software! SolidWorks! (DS! SolidWorks! Corp.,!
France)! and! printed! using! rapid! prototyping! technology! (Figure! 50).! The!
internal! diameter! and! cross;sectional! area!was!measured! as! 3.5!mm!and!9.30!
mm2,!respectively.! !The!phantom!was!filled!with!the!same!diluted!dye!used!in!
the!experimental!protocol!and!an!OCT!pullback!was!performed!at!a!speed!of!20!
mm/sec).!Angiography!was!also!performed!prior!to!the!pullback.!To!facilitate!a!
comparison,! the! phantom! was! independently! reconstructed! from! the!
angiograms! using! commercial! software! CAAS;QCA3D! (Pie! Medical! Imaging,!
the! Netherlands)! and! FD;OCT! using! the! in;house! 3D;OCT! algorithm! and!
cross;sectional!area!was!calculated! for!both! reconstructions.!The!angiography!
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based!reconstruction!(not!shown)!had!a!mean!area!of!9.9!mm2!in!comparison!
to!the!mean!area!of!the!phantom!from!the!3D!OCT!reconstruction!which!was!
measured! to! be! 9.47mm2!±! 0.47mm2! (Mean! ±! SD)! corresponding! to! a! mean!
error!of!1.8%!as!compared!to!6.5%!from!angiography!which!would!translate!to!
~6%! (vs! ~20%)! error! in! WSS! estimation! using! OCT! based! reconstructions!
compared! to! angiography! based! reconstructions.! A! qualitative! comparison!
(Figure! 51)! shows! a! good! fit! between! the!phantom!design! (grey)! and! the! 3D;
OCT!reconstruction!of!the!inner!lumen!(red).!Note!that!the!side!branch!of!the!
phantom!was!not!reconstructed!as!branch!haemodynamics!was!excluded!from!
the! study.! Care! was! taken! to! place! the! stent! away! from! bifurcations! as!
mentioned!previously.!Additionally,! the!penetration!depth!of!the!OCT!system!
did!not!allow!visualization!of!the!entire!branch,!which!could!act!as!a!source!of!
error!in!the!bifurcation!angles!in!the!reconstructing!process.!!
!
Figure! 50:! 3D! Artery! Phantom:! The! top! panel! shows! two! views! of! the! CAD!
geometry!for!the!phantom.!The!bottom!panel!shows!sample!OCT!cross!sections!
at! locations! A! and! B! used! to! reconstruct! the! phantom! using! the! 3D;OCT!
algorithm.!!
A" B"
A"
B"
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Figure!51:!OCT!reconstruction!(red)!of! the!phantom!compared!to! the!original!
phantom! model! (grey).! The! OCT! reconstruction! shows! a! good! qualitative!
agreement!with!the!phantom!design.!Note!only!the!inner!diameter!(lumen)!of!
the!model!has!been!reconstructed.!The!cross!sectional!areas!were!within!2%!of!
each!other.!
!
3.2.7!!!Meshing!!
!
!
The!3D;OCT!reconstruction!algorithm!exports!the!coronary!artery!geometries!
aligned! along! the! direction! of! the! X;axis,! which! were! meshed! using! a!
combination! of!meshing! software! ICEM!CFD! (Ansys,!USA)! and!Gambit! 2.4.6!
(Ansys,! USA).! The! approach! followed! was! similar! to! the! previous! study! as!
explained!in!section!2.2.4.!!Briefly,!a!flow!extension!1.5!times!the!vessel!diameter!
was!added!to!the!inlet!and!7!times!the!vessel!diameter!was!added!to!the!outlet!
of! each! vessel.! ! Geometries! were! meshed! using! unstructured! tetrahedral!
elements! with! a!maximal! element! size! of! 0.2!mm! and! a! prismatic! boundary!
layer! added!with! 6! rows,! the! height! of! the! first! row! being! 0.03!mm! and! the!
growth!ratio!of!1.2!with!each!successive!row.!In;built!mesh!quality!checks!were!
performed! using! quality! metrics! like! element! equiangle! skewness! allowing! a!
maximum! skewness! of! 0.85! (metric! is! normalised! to! 1).! !Mesh! independence!
was!performed!for!a!representative!stented!artery!by!comparing!time!averaged!
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wall! shear! stress! (TAWSS)! along! the! vessel! axis! for! the! original! mesh! and! a!
mesh! with! double! the! number! of! elements.! The! difference! between! the!
maximum!TAWSS!along!both!meshes!differed!by!<!1%!(see!Appendix!B).!A!total!
of!31!geometries!were!meshed.!!
!
!!
3.2.8!CFD!!
!
!
The! meshes! were! imported! into! commercially! available! software! Fluent! 6.3!
(Ansys,!USA)!to!solve!the!Navier;Stokes!equations!of!motion!for!a!fluid.!Blood!
was!assumed!to!an!incompressible!Newtonian!fluid!with!a!dynamic!viscosity!of!
3.5! mPas! and! density! of! 1050! kg/m3.! Walls! were! assumed! to! be! rigid! and!
stationary!with!a!no;slip!condition!applied.!Pulsatile!flow!fields!were!computed!
by! imposing!a!plug!velocity!profile!at! the!vessel! inlet!at!each!time!step!of! the!
cardiac!cycle,!with!a!velocity!value!obtained!by!averaging!the!Combowire;based!
coronary!flow!velocities!over!a!stable!number!of!cardiac!cycles.!At!the!outlet,!a!
stress!free!boundary!condition!was!applied.!
!
Inlet!velocity!profiles!were!derived!for!the!specific!coronary!artery!of!each!pig!at!
the!various!time!points!from!Instantaneous!Peak!Velocity!Combowire!(Volcano!
Corp)!measurements!made!at!the!inlet!of!the!vessels.!A!custom!MATLAB!script!
was!used!to!generate!the!velocity!profiles.!First,!velocity!values!were!averaged!
over!approximately!10!stable!cardiac!cycles.!Further,!to!avoid!velocity!spikes!in!
the!profile!due!to!noisy!raw!data! from!the!Combowire,!smoothing!splines!are!
closely! fit! to! the! averaged! velocity! profile! before! exporting! the! final! velocity!
values!over!the!cardiac!cycle!(Figure!52).!In!cases!where!velocity!measurements!
were!not!available,!measurements!for!the!specific!vessel!from!the!immediately!
previous!time!point!were!used!instead.!!
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Figure!52:!For!each!coronary!artery,!the!raw!Combowire!velocity!data!is!initially!
averaged! over! a! number! of! stable! cardiac! cycles! to! create! an! average! profile!
over! 1! cardiac! cycle.! Smoothing! splines! are! fit! to! the! averaged! waveform! to!
reduce! noisy! spikes! in! the! waveform,! generating! the! final! velocity! profile!
specific!to!that!coronary!artery.!!
!
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The!primary! output! of! the!CFD! simulations!was! a!wall! shear! stress! vector! at!
each!node!on!the!vessel!wall!and!at!each!point!in!the!cardiac!cycle!(broken!into!
20! time! steps! for! the! simulation),! which! were! then! imported! into! a! custom!
MATLAB! program! to! quantify! metrics! of! local! haemodynamics,! including:!
time;averaged!wall!shear!stress!(TAWSS),!the!oscillatory!shear!index!(OSI),!the!
relative! residence! time! (RRT),! the!wall! shear! stress! angle!deviation! (WSSAD)!
and! a! variation! of! the! transverse! wall! shear! stress!metric! named! tSS! as! it! is!
normalized!by!the!TAWSS!at!each!point!(see!Appendix!C).!In!addition!to!these!
established!metrics,! our! custom! shear!metrics,! the! low! shear! index! (LSI)! and!
the!high!shear! index!(HSI)!were!also!quantified.!The!definition!of!our!custom!
metrics!was!further!refined!for!this!study.!The!shear!stress!data!was!found!to!be!
log;normally! distributed.! Thus,! a! log! transformation! of! the! data!was! used! to!
find!the!threshold!for!the!LSI!and!HSI.!The!threshold!of!low!and!high!shear!was!
determined!by!the!mean!–!standard!deviation!of!the!shear!in!the!instrumented!
vessel! at! baseline! (i.e.,! before! placement! of! the! shear;modifying! stent).! This!
definition!minimized!the!difference!between!the!metric!values! in!the!baseline!
and!control!vessels.!Hence!the!new!formulations!were!as!follows:!
!!!!!!!!! !!"#$%ℎ!"# = ! "#$ !"#$$!"#$%&'$ − !!"#$%!(!"#$$!"#$%&'$);!
! !!!!!!!!!"# = ! !"#$%&'ℎ!"# − !!"#$$!"#$"#%!"#$%&'ℎ!"# !
and!! !"# = ! !"#$$!"#$"#% − ! "#$%&'ℎ!"#!"#$%&'ℎ!"# !
! !
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3.2.9!!!3D!Histology!
!
In!order!to!generate!3D!spatial!maps!of!the!histological!stain!distribution!on!in#
vivo!geometries!of!pig;specific!coronary!arteries!and!quantify!overlaps!between!
metrics! of! shear! stress! and! histopathological! features! of! atherosclerosis,! the!
custom!MATLAB!script!explained!in!the!corresponding!section!of!chapter!2!was!
adapted!to!enable!porcine!geometries!to!be!used!as!input.!!
!
First,! vessel! wall! and! plaque! constituents! were! determined! in! ~4! mm! fixed!
vessel! segments!embedded! in!paraffin!by!continuously!collecting! serial! 3!μm;
thick! histology! sections! over! the! entire! segment.! For! instrumented! arteries,!
vessel! segments!were! collected! immediately! distal! and! proximal! to! the! shear!
modifying!stent.!In!the!un;instrumented!control!artery,!a!segment!was!selected!
at! an! axial! position! that! was! at! a! comparable! distance! from! the! left! main!
bifurcation!as!the!stent!in!the!instrumented!vessel.!Sections!were!sequentially!
organized! into! 10! alternating! groups! to! allow! evaluation! of! up! to! 10! stains,!
which!provided!an! interval!of!60!μm!between! sections! for! a!given! stain.!Two!
adjacent! sections!were! collected! for! each! slide!of! the! 10! groups,! allowing!one!
section! to!be!used!as!a!negative!control.! In!addition,!plaque!morphology!was!
graded! according! to! the! Virmani! classification! (Virmani! et! al.! 2000).! In! this!
study,!we!focus!mainly!on!the!muramidase!(pan!macrophage!marker)!stain.!!
!
Once!histology!sections!were!collected,!the!lumen,!internal!elastic!lamina!and!
adventitia! contours! of! each! histology! section! for! a! given! stain! group! were!
segmented!and!stain!intensity!quantified!using!commercial!software!(Clemex).!
The!custom!MATLAB!program!(based!on!previous!developments!in!our!group!
(Segers!et!al.!2007)was!then!used!to!discretise!contours/stains!and!correct! for!
rotational! artefacts! and! shrinkage.! Contours! were! aligned! circumferentially!
using! the! myocardium! as! a! reference! and! co;localised! with! the! 3D! vessel!
reconstructed!from!FD;OCT!images!at!the!point!of!maximum!inner!curvature,!
as!the!artery!courses!over!the!surface!of!the!curved!myocardium! in#vivo.!Axial!
co;registration!was!based!on!the!identification!of!bifurcations!in!both!histology!
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sections!and!FD;OCT!frames,!which,!together!with!analysis!of!images!of!vessel!
segments! taken! at! each! stage! of! tissue! processing! for! histology,! allowed!
computation! of! a! shrinkage! factor.! The! histology! stain! information!was! then!
interpolated! over! the! co;registered! in# vivo! vessel! segment.! For! instrumented!
arteries,! this! process!was! done! both! upstream! and!downstream!of! the! shear;!
modifying! stent! and,! for! the! control,! at! an! axial! position! in! the! vessel!
comparable! to! the!placement!of! the! stent! in! the! instrumented!vessel.!Finally,!
stain!intensities!that!were!discretised!from!lumen!to!adventitia!on!the!histology!
sections,! were! projected! onto! the! in# vivo! lumen! derived! from! the! 3D!
reconstructions! of! the! FD;OCT! images! at! each! time! point.! An! error! analysis!
was! performed! to! quantify! the! errors! associated! with! the! histology!mapping!
technique.!The!errors!were!assessed!by!the!same!observer!6!months!apart,!in!a!
masked!fashion!the!second!time.!In!the!axial!direction,!the!two!sources!of!error!
were!from!the!identification!of!matching!corresponding!histology!sections!with!
OCT! frames! and! from!measurements! of! the! vessel! at! different! stages! of! the!
tissue! processing! stage.! From! these! two! sources! of! error,! the! average! error!
across! all! instrumented! vessels! was! found! to! 280! ±! 111! µm! and! 162! ±! 61! µm!
respectively,! with! a! combined! error! of! 324!µm.! This! axial! error! is!within! the!
resolution!of!2!OCT!frames!(frames!are!200!µm!apart).! In! the!circumferential!
direction,!the!source!of!error!was!the!identification!of!the!myocardium!on!the!
reconstructed! vessel! based! on! qualitative! examination! of! the! largest! inner!
curvature! of! the! vessel.! The! average! error! across! all! the! instrumented! vessels!
was!found!to!be!11.4!±!3.6°!which!is!equivalent!to!an!arc!length!of!265!±!82!µm.!
!
At!the!end!of!this!process,!each!node!in!the!vessel!lumen!had!3D!coordinates,!
shear!stress!and!defined!metrics!of!perturbed!shear,!and!the!magnitude!of!stain!
for! a!particular! vessel!wall! or!plaque! constituent.!This! approach!has! a! spatial!
resolution!of! 200!μm!axially! and! 15!μm! in;plane! (determined!by!OCT)!which!
improves! on! previous! reports! from! both! our! (Segers! et! al.! 2007)! and! other!
groups!(Chatzizisis!et!al.!2011;!Koskinas,!Feldman!&!Chatzizisis!2010).!
!
!
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3.2.10!!!Statistics!!
!
!
The! statistical! approach! used! in! the! previous! study! (Section! 2.2.9)! was! also!
applied!herein.!Briefly,!in!order!to!facilitate!a!comparison!between!the!animals,!
the! vessels! across! all! animals!were! truncated! to! equal! axial! lengths! of! 4!mm!
immediately!proximal!and!distal!to!the!stent.!These!vessel!segments!were!used!
for! the! evaluation! of! the! shear!metrics! and! overlaps! with! histological! stains.!
The!shear!and!stain!data!were!scaled!to!range!from!0!to!1!where!0!is!null!and!1!is!
the!most! interesting! value! for! that!metric/stain.! !Groups!of! data!with! similar!
spatial!locations!and!stain!intensities!were!clustered!into!groups!based!on!their!
stain! intensities! and! spatial! locations! using! the! mahalanobis! algorithm,! a!
multivariate! distance!measure! typically! used! in! data! clustering! and! statistical!
pattern! recognition! (Webb! 2003)! as! explained! in! section! 2.2.9.! Finally,! a!
threshold!of!10%!was!used!to!binarise!the!data!such!that!values!below!0.1!are!set!
to!0!and!values!above!0.1!are!set!to!1.!This!step!is!performed!on!the!shear!metric!
data!as!well!as!the!histology!stain!data.!The!threshold!was!manually!optimized!
to! 10%! to! exclude! the! noise! from! the! system! based! on! a! ~10%! error! in! the!
computation!of! shear! stress! in!our! system! (see!Appendix!B).!Additionally,! an!
alternative!approach!of!threshold!selection!by!removing!the!lowest!10th!and!30th!
percentiles!of!the!range!of!shear!values!was!also!tested!(see!Appendix!C).!Next,!
the!overlaps!were!quantified!over!clusters!of!points!with!value! 1,! for!both! the!
shear!metrics! and! the! stain!metrics! for! all! vessels! and! time! points.!Overlaps!
signify!the!amount!of!each!biological!stain!overlapping!with!each!shear!metric,!
quantified!as!a!number!of!nodes!of!the!stain!overlapping!with!the!nodes!of!each!
metric! and! recorded! as! a! percentage.! To! quantify! the! overlaps! between!
macrophages! and! the! various! metrics! over! time! in! the! same! vessel,! the!
macrophage!distribution!was!mapped!onto!the!in#vivo!geometries!obtained!for!
that!vessel!at!each!time!point.!The!statistical!tests!used!are!the!same!as!in!the!
previous!study.!
!
!
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!
!
!
!
!
Figure! 53:! Summary!of! the!methods!workflow! for! the! study!presented! in! this!
chapter.!Biplane!Angiography!is!used!to!reconstruct!the!catheter!paths!for!each!
artery.! The! FD;OCT! based! lumen! contours! are! fitted! onto! the! catheter! path!
from!biplane!angiography!to!reconstruct!high!fidelity!porcine!coronary!arteries.!
Blood!velocities!measured!are!combined!with!the!3D!geometries!to!compute!in#
vivo! haemodynamics! and! the! 3D! Histology! technique! is! able! to! co;register!
histological! stains! on! the! in# vivo! geometries! to! correlate! plaque! biology!with!
shear!stress!based!metrics!to!find!the!best!predictor!of!plaque!localisation.!
!
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3.3#Results#!
!
3.3.1! ! ! Pilot! Study:! Impact! of! Stenotic! Stent! on! in# vivo!
Haemodynamics!
!
The! coronary! arteries! (n=8)! instrumented! with! stenotic! stents! of! different!
stenosis!severity!grades!were!reconstructed!from!biplane!coronary!angiograms!
via! CAAS! QCA;3D! and! are! shown! below! for! 1! animal.! WSS! distributions!
predicted! from! steady! flow! simulations! revealed! low! shear! stress! regions!
upstream! and!downstream!of! the! stenosis!while! a! jet! created! by! the! stenosis!
caused!a!higher!velocity!and!shear!stress!region!in!the!minimal!lumen!area!of!
the! stent.! Velocity! streamlines! through! the! arteries! further! revealed!
recirculation! patterns! of! blood! flow,! showing! flow! separation! immediately!
downstream!of!the!stent!(Figure!54).! !These!findings!were!consistent!with!the!
shear!stress!regions!demonstrated!in!mice!using!a!perivascular!cuff!by!Cheng!et!
al!(Cheng!2006)!which!suggested!that!these!patterns!were!atheroprone!and!led!
to! the! development! of! atherosclerosis! in! ApoE;/;! mice.! The! findings! thus!
validate! the! use! of! our! stenotic! stent! in! coronary! arteries! of!
hypercholesterolemic! pig! models! of! atherosclerosis! to! create! a! distinct!
haemodynamic! profile! leading! to! an! accelerated! development! of! advanced!
atherosclerotic!plaques.!!
!
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!
Figure! 54:!Angiography! based! 3D! reconstruction! showed! a! 68%! area! stenosis!
for! this!particular! animal.!WSS!distributions!and!velocity! streamlines! showed!
low! shear! upstream! and! oscillatory! shear! downstream! with! flow! separation!
shown!by!the!recirculating!streamlines!(circled).!!
!
3.3.2!!!Natural!History!
!
Intracoronary! OCT! imaging! and! flow! profiling! was! performed! in! six!
hypercholesterolemic!minipigs! at! baseline,! followed! up! for! five! animals! at! 18!
weeks!and!four!animals!at!36!weeks!post!stent!implantation.!One!animal!died!
soon!after!baseline!measurements!of!a! cardiac!arrest! caused!by!a! side;branch!
occlusion!after! stent! implantation!and!was! excluded! from! the! study.!Another!
animal! died! due! to! the! development! of! a! coronary! thrombus! during!
measurements! taken! at! the! first! follow;up.! The! left! anterior! descending!
coronary! arteries! (n=14)! and! left! circumflex! arteries! (n=13)! were! evaluated! in!
five!pigs!over!the!duration!of!the!follow;up!study!(Table!14!and!15).!!
!
QCA$%$$3D$Reconstruc1on$ WSS$distribu1on$ Velocity$Streamlines$
Area$Stenosis$=$68%$
Flow$
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Table!14:!Summary!of!data!acquired!in!the!stented!coronary!arteries.!
!
!
!
!
Table!15:!Summary!of!data!acquired!in!the!unstented!(control)!coronary!
arteries.!
!
!
!
3.3.3!!!Vessel!Wall!Remodeling!in!Stented!Coronary!Arteries!
!
The! intracoronary! ‘stenotic’! stent! was! implanted! in! the! LAD! (n=1)! and! LCx!
(n=4)! of! the! five! pigs! included! in! the! study.!High! fidelity! FD;OCT! based! 3D!
reconstructions!were!obtained!for!baseline!control!(n=4),!pre;stented!(n=4)!and!
post;stented! (n=5)! coronary! arteries! and! for! follow;up! control! (n=9)! and!
stented! (n=9)!coronary!arteries!over! the!duration!of! the! follow;up!study.!The!
percentage! area! stenosis!measured! for! all! pigs! over! the!duration!of! the! study!
(Figure! 55)! revealed! a! increase! in! stenosis! severity! from! 54.5! ±! 13.5%!
immediately!post!stenting!(0+)!to!80.2!±!2.9%!at!36!weeks!(p!<!0.05),!due!to!the!
Baseline 18*weeks 34*weeks
PIG CONTROL
5303 LCX ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
5298 LAD ✓ ✖ ✓ ✓ ✓ ✓ ✓ ✓ ✓
5320 LAD ✓ ✓ ✓ ✓ ✓ ✖ ✓ ✓ ✓
5563 LAD ✓ ✓ ✓ ✓ ✓ ✖ ✖ ✖ ✖
5564 LAD ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✖
Combowire Angiography OCT CombowireAngiography OCT Combowire Angiography OCT
Baseline 18*weeks 34*weeks
PIG STENT
5303 LAD ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
5298 LCX ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
5320 LCX ✓ ✓ ✓ ✓ ✓ ✖ ✓ ✓ ✓
5563 LCX ✓ ✓ ✓ ✓ ✓ ✖ ✖ ✖ ✖
5564 LCX ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✖
Angiography OCT CombowireCombowireAngiography OCT Combowire Angiography OCT
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development! of! advanced! lesions! growing! into! the! lumen! towards! the! end!
point!of!the!study.!Note!‘0!weeks’!and!‘0+!weeks’!represent!the!pre;stented!and!
post;stented!baseline!artery!configurations!respectively.!
!
Figure!55:!Percentage!diameter!stenosis!across!all!pigs!showing!an! increase! in!
mean!stenosis!severity!from!baseline!to!the!end!point!of!the!study!(Mean!±!SD).!!
!
Furthermore,! qualitatively! it! was! observed! from! the! FD;OCT! reconstructions!
that! the! downstream! region! immediately! distal! to! the! stent! displayed! post;
stenotic! dilatations,! i.e.! an! increase! in! local! lumen! diameters! suggesting! a!
outward!remodeling!response!of!the!wall!at!18!and!36!weeks,!particularly!seen!
in! pigs! 5320! and! 5303! (Figures! 60,! 61).! Moreover,! lumen! diameters! in! the!
upstream! region! also! displayed! positive! remodeling.! ! Quantitatively,! a!
measurement! of! the! relative! change! in! the! upstream! and! downstream! radii!
from! baseline! (pre;stented! configuration)! for! all! pigs! over! time! revealed! an!
increase!in!radii!of!1.7!±!4.8!%!and!5.7!±!5.4!%!in!the!upstream!lumen!radius!at!
18!and!36!weeks!respectively.!Downstream,!the!remodeling!response!was!highly!
variable!across!the!pigs.!Overall,!the!lumen!radius!decreased!by!3.9!±!6.1!%!and!
1.9!±!12.1!%!at!18!and!36!weeks!respectively,!suggesting!a!constrictive!remodeling!
response! (Figure! 56).! However,! the! large! error! bars! in! the! graphs! show! the!
P!<!0.05!
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variability!observed!in!the!remodeling!response!and!could!be!explained!by!the!
post;stenotic!dilatations!observed!in!pigs!5320!and!5303.!!Additionally,!the!large!
variations!in!the!relative!differences!from!baseline,!across!all!pigs,!did!not!allow!
the!results!to!reach!statistical!significance.!!
!
!
Figure! 56:! Relative! change! in! mean! upstream! and! downstream! lumen! radii!
from!baseline!shown!for!all!pigs!through!the!follow;up!study.!!
! !
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3.3.4! ! ! In# vivo! haemodynamics! in! 3D! FD?OCT! Based!
Reconstructions.!
!
!
Transient! blood! flow! simulations! were! performed! in! each! of! the! 31! coronary!
artery! reconstructions! generated! using! artery! specific! velocity!measurements.!
Raw!Combowire! based! velocity! traces!were! acquired! for! 26! of! the! 32! arteries!
over! the! duration! of! the! follow;up! study.! They! were! processed! as! shown! in!
section! 3.2.8! and! minimum,! mean! and! maximum! peak! velocities! were!
quantified! for! all!pigs!at! all! time!points! (Table! 16).!Although! the!velocities! in!
the!pre;stented!coronaries!were!not!available!for!pigs!5303,!5298!and!5320,!it!is!
interesting!to!note!for!the!other!two!pigs!that!there!was!a!significant!reduction!
in!flow!immediately!post!stent! implantation.!The!maximum!peak!velocities!of!
pig!5564!decreased!from!0.33!m/s!to!0.17!m/s!(48.5%!reduction)!and!0.25!m/s!to!
0.18!m/s!for!pig!5563!(28%!reduction)!suggesting!the!influence!of!a!flow!limiting!
stenosis.!!!
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Table!16:!Quantification!of!velocities!for!all!pigs!through!follow;up.!
PIG! Time!Point! Artery!
Velocity!(m/s)!
Min! Mean! Max!
5303!
0!
!LAD!(Pre!+!Post)! 0.05! 0.11! 0.18!
LCx! 0.06! 0.14! 0.25!
1!
LAD! 0.02! 0.09! 0.18!
LCx! 0.03! 0.08! 0.14!
2!
!LAD! 0.00! 0.11! 0.24!
LCx! 0.08! 0.15! 0.22!
5298!
0!
LCx!(Pre!+!Post)! 0.08! 0.14! 0.23!
LAD! ;! ;! ;!
1!
LCx! 0.01! 0.06! 0.11!
LAD! 0.03! 0.13! 0.34!
2!
LCx! 0.02! 0.09! 0.16!
LAD! 0.00! 0.08! 0.16!
5320!
0!
LCx!(Pre!+!Post)! 0.05! 0.13! 0.20!
LAD! 0.04! 0.12! 0.25!
1!
LCx! ;! ;! ;!
LAD! ;! ;! ;!
2!
LCx! 0.04! 0.07! 0.11!
LAD! 0.01! 0.09! 0.22!
5564!
0!
LCx!(Pre)! 0.08! 0.22! 0.33!
LCx!(Post)! 0.07! 0.12! 0.17!
LAD! 0.04! 0.17! 0.39!
1!
LCx! 0.07! 0.15! 0.23!
LAD! 0.01! 0.21! 0.44!
2!
LCx! ;! ;! ;!
LAD! ;! ;! ;!
5563!
0!
LCx!(Pre)! 0.07! 0.15! 0.25!
LCx!(Post)! 0.04! 0.10! 0.18!
LAD! 0.01! 0.13! 0.23!
1! LCx! ;! ;! ;!
LAD! 0.10! 0.22! 0.44!
2!
LCx! ;! ;! ;!
LAD! ;! ;! ;!
Note:!Pre!;!Pre!Stent!measurement;!Post!;!Post!Stent!measurement! !
!
!
!
!
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All! the! velocity! traces! acquired! are! shown! along! with! the! follow;up! in# vivo!
haemodynamics! for! all! pigs! (Figures! 59;63).! Typically,! they! appear! to! have! a!
smaller!peak!velocity!during!systole!followed!by!a!larger!diastolic!flow!leading!
to! high! peak! velocities! due! to! the! reduction! in! aortic! pressure! (Figure! 57!
below).!
!
!!
!
Figure!57:!Pressure!and!velocity!traces!obtained!from!the!Combowire!Doppler!
measurements.!!
!
!
It! is! observed! from! the! WSS! distributions! of! the! coronary! arteries! that! the!
stenotic! stent! vastly! affects! the! in# vivo! haemodynamics.! Peak! systolic! WSS!
distributions! are! shown! for! the! stented! arteries! of! all! 5! pigs! at! baseline,! 18!
weeks! and! 34! weeks! (Figures! 59;63).! The! distributions! show! significant!
heterogeneity! along! the! length! of! the! coronary! arteries.! Mainly,! low! shear!
regions!are!observed!upstream!of!the!stenosis.!Some!regions!of!relatively!higher!
shear! are! observed! upstream!owing! to! local! geometrical! variations.!However,!
the! flow! in! the! upstream! regions! is! typically! laminar! when! compared! to! the!
downstream!regions!of!the!stenosis.!Here,!large!low!shear!regions!are!observed!
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immediately!distal!to!the!stenosis,!particularly!at!the!follow!up!time!points.!As!
shown!earlier,!vessel!wall!remodeling!occurs!in!these!regions!seen!by!the!larger!
lumen! diameters! causing! the! occurrence! of! complex! flow! patterns! and!
secondary!flow.!Deceleration!and!flow!reversal!was!observed!with!recirculation!
zones! or! vortices! shown! by! the! streamlines! (inset! in! figures)! in! each! of! the!
coronary!arteries.!The!streamlines!were!coloured!by!axial!velocity!magnitudes,!
which! were! much! higher! (shown! in! red)! within! the! throat! of! the! stenosis,!
leading! to! high! shear! stresses.! At! the! distal! end! of! the! stenosis,! the! sudden!
increase!in!lumen!diameters!leads!to!a!jet!stream!of!the!flow!from!the!stenosis!
usually! directed! towards! the! outer! wall! of! the! coronary! arteries! due! to! it’s!
tortuosity.!This!leads!to!higher!velocities!and!hence!shear!stress!along!the!outer!
curvature! and! initiates! oscillatory! flow! patterns! and! lower! velocities! towards!
the! inner! curvatures.! The! skewed! nature! of! the! axial! velocities! due! to! the!
complex!flow!patterns!downstream!is!shown!for!one!of!the!animals!(Figure!58).!
The! colourmaps! were! maintained! constant! across! all! pigs! to! enable!
comparisons.!All!shear!stresses!above!20!Pa!are!shown!red.!The!time!averaged!
wall!shear!stress!(TAWSS)!was!quantified!for!all!stented!and!control!coronary!
arteries! analysed! (Table! 17;18).! ! It! is! seen! that! there! is! a! general! trend!of! the!
mean! TAWSS! in! the! stented! arteries! to! increase! from! baseline.! The! control!
arteries!maintained!a!low!mean!TAWSS!in!the!majority!of!cases,!except!at!first!
follow!up!in!pig!5563!(5.6Pa).!This!was!due!to!local!lumen!narrowings!observed!
as!a!result!of!naturally!occurring!intimal!thickening,!causing!a!local!elevation!of!
shear! stress! in! the! control! artery.!However,! the! range! of!TAWSS!observed! in!
both!the!stented!and!unstented!coronary!arteries!lies!within!the!range!of!data!
in! the! literature! (Thim!et!al.,! 2010,!Soulis!et!al,!2006).! In! the!stented!arteries,!
the! maximum! TAWSS! is! observed! to! consistently! increase! from! baseline!
through!the!duration!of!the!study!for!all!animals.!The!largest!increase!in!peak!
TAWSS!is!seen!in!pig!5564!with!a!peak!TAWSS!of!92.5!Pa!at!the!terminal!end!
point.! This! corresponds! to! an! 81.63%! area! stenosis! found! at! that! time.! In!
comparison,! the! lowest! peak! TAWSS! was! seen! in! pig! 5320! (24.4! Pa)!
corresponding!to!the!lowest!stenosis!percentage!across!all!animals!of!75.28%!at!
the!terminal!end!point!of!the!study.!!
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!
!
Figure!58:!Visualisation!of!a!flow!rendering!in!pig!5303!shows!a!higher!velocity!
jet!distal!to!the!stent!causing!a!high!shear!streak!on!the!outer!wall!and!a!large!
low! shear! region! with! flow! reversal! on! the! inner! wall! of! the! coronary.! Axial!
velocity!contours! show!a!change! from!parabolic! (a)! to!a! skewed!profile! (b;c).!
Velocity! vectors! plotted! on! the! contours! (red)! show!high!magnitudes! on! the!
outer!wall!(shown!by!longer!vectors!and!not!by!colour)!and!lower!magnitudes!
in! the! opposite! direction! (d)! showing! the! oscillatory! behavior! of! flow!
downstream! of! the! stent! as! seen! by! the! bidirectional! velocity! vectors,! with!
small!velocity!vectors!in!the!opposite!direction!to!mean!flow!direction.!
! !
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Table!17:!Time!Average!Wall!Shear!Stress!(TAWSS)!in!stented!arteries.!
!
Note:!Pre!=!Pre!stented;!Post!=!Post!stented!
!
!
Table!18:!Time!Average!Wall!Shear!Stress!(TAWSS)!in!control!arteries!
!
!
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!
!!Figure!59:$Serial$in#vivo$haemodynamics!in!the!stented!LCx!of!pig!5298!with!velocity!profiles!and!downstream!streamlines!(inset),!shown!at!peak!systole.!
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$
Figure$60:$Serial$ in# vivo$haemodynamics$ in$ the$ stented$LCx$of$pig$5320$with$velocity$profiles$and$downstream$streamlines$ (inset),$
shown$at$peak$systole.$
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Figure$61:$ Serial$ in# vivo$ haemodynamics$ in$ the$ stented$LCx$of$ pig$ 5303$with$ velocity$profiles$ and$downstream$ streamlines$ (inset),$
shown$at$peak$systole.$
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Figure$62:$Serial$ in# vivo$haemodynamics$ in$ the$ stented$LCx$of$pig$5564$with$velocity$profiles$and$downstream$streamlines$ (inset),$
shown$at$peak$systole.$
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Figure$63:$ Serial$ in# vivo$haemodynamics$ in$ the$ stented$LCx$of$pig$ 5563$with$velocity$profiles$ and$downstream$streamlines$ (inset),$
shown$at$peak$systole.$
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Furthermore,*the*LSI*metric*distribution*is*shown*for*one*animal*at*both*follow*
up*time*points*(Figure*64).**The*LSI*map*allowed*a*clear*visualisation*of*the*low*
shear* stress* regions* that* develop* after* stent* implantation*when* compared* to*
the* artery’s* preCstented* configuration.* Notably,* it* can* be* seen* that* the*
upstream* and*downstream* regions* largely* experience* lower* shear* stress* after*
stenotic* stent* implantation,* and* these* regions* remain* persistently* low*
throughout* the* duration* of* the* followCup* study.* It* is* important* to* note* the*
colourbar* which* shows* that* regions* in* low* shear* are* shown* in* red* for* this*
metric,*while*regions*within*the*stent*appear*blue*suggesting*a*higher*shear*as*
compared*to*it’s*preCstented*shear,*as*expected.*
*
*
Figure*64:*3D*in#vivo*LSI*maps*for*pig*5320*at*18*and*36*weeks*show*persistently*
low* shear,* particularly* downstream* of* the* stent* (marked* in* grey).* Note* that*
regions* in* red* demonstrate* lower* shear* when* compared* to* the* preCstented*
configurations.*
*
Finally,* from* the* tSS*maps,* the*degree*of*multiCdirectionality*of* the* flow*was*
quantified.*Maps*of*normalised*tSS*in*the*same*animal*over*time*show*regions*
of* complex* flow* phenomenon* including* recirculation* and* secondary* flow*
downstream*of*the*stent*(Figure*65).*These*observations*were*supported*by*the*
streamlines*plotted* in*these*regions*as*shown*above*(Figure*60).*Although*an*
18#weeks# 36#weeks#
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upstream* overlap* analysis* has* not* been* performed* in* this* study,* regions*
upstream*of* the* stent* appear*blue,* suggesting* a* low*value* for* the* tSS*metric.*
Similar* to* the*mouse* study,* the* flow*extensions*of* length* 1.5D*were*added* to*
the*vessel*inlets,*measuring*approximately*5C6*mm.*This*flow*extension*length*
has* been* previously* employed* in* the* literature* in* a* similar* patient* study*
(Samady*et* al,* 2011).*Herein,* as*with* the*mice,*we* expect* the* flow* to*be* fully*
developed*with*little*to*no*secondary*flow,*as*it*reaches*closer*to*the*stent,*due*
to* the* presence* of* the* long* entrance* length.* This* entrance* length* allows* the*
region*of* interest* to*be* significantly*away* from*the*vessel* inlet* (the* left*main*
bifurcation).*Additionally,*there*were*typically*few*bifurcations*or*branches*in*
the*section*of*the*vessel*studied,*as*this*was*a*deliberate*attempt*made*by*the*
cardiologist*to*implant*the*stent.*This*further*allowed*the*flow*to*full*develop*
into*a*steady*parabolic*profile*until*it*flows*through*the*stenosis.*
*
*
Figure*65:*3D*in#vivo*tSS*maps*for*pig*5320*at*18*and*36*week*time*points*display*
regions* of* complex* multiCdirectional* wall* shear* stress* (arrows),* particularly*
seen* distal* to* the* stent* (denoted* by* grey* lines).* Note* blue* regions* upstream*
demonstrating*laminar*flow.**
The*effect*of*these*persistently*low*shear*regions*(shown*by*LSI)*with*complex*
flow* patterns* (shown* by* tSS)* with* respect* to* atherosclerotic* plaque*
development* observed* in* the* coronary* arteries* will* be* discussed* in* the* next*
section.*
18#weeks# 36#weeks#
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3.3.5$$$$Advanced$Atherosclerotic$Plaque$Localisation$!!
The*histological*sections*analysed*from*the*upstream*and*downstream*regions*
that* predominantly* exhibited* lowered* shear* stress* in* all* stented* coronary*
arteries,*demonstrated*the*development*of*atherosclerotic*lesions*as*compared*
to* the*control*arteries.* Interestingly,* two*animals* (pig*5320*and*5563)*showed*
the* development* of* thinCcapped* fibroCatheromas* (TCFAs)* in* downstream*
segments* of* the* coronary* artery* (Figures* 67C68).* Two* of* the* remaining* three*
animals* demonstrated* intermediate* lesions* with* pathological* intimal*
thickening* and* one* displayed* thickCcapped* fibroCatheromas* (pig* 5303).* In*
comparison,* the* control* arteries* displayed* nonCatherosclerotic* intimal*
thickening*seen*by*the*absence*of*lipid*cores*(Figure*66).*Histological*sections*
from* the* stented* and* the* control* coronary* arteries* were* stained* for*
macrophages*and*were*quantified*for*the*upstream*and*downstream*segments*
for* all* pigs.* A* high* concentration* of* macrophages* appeared* in* the* plaque*
shoulders* as* seen* by* the* higher* stain* instensity* in* those* regions* (see* Figure*
67BC68B).* Mean* macrophage* area* in* the* upstream* regions* of* instrumented*
arteries*across*all*pigs*was*0.021*±*0.02*mm2*as*compared*to*0.015*±*0.018*mm2*
in* the* control* arteries* (p=1).* In* comparison,* the* mean* macrophage*
accumulation* in* the* downstream* regions* of* the* instrumented* arteries* was*
0.078*±*0.03*mm2*compared*to*0.015*mm2*in*the*control*arteries*(p=0.015)*(see*
Figure*69).*The*small*area*of*macrophage*accumulation*in*the*control*arteries*
was*in*regions*of*intimal*thickening*observed.*Additionally,*the*plaque*area*in*
the* upstream* regions* of* instrumented* arteries* across* all* pigs* was* 0.47* ±* 0.5*
mm2*as*compared*to*0.34*±*0.25*mm2*in*the*control*arteries*(p=0.37).*The*mean*
plaque*area*in*the*downstream*regions*of*the*instrumented*arteries*was*1.85*±*
1.38*mm2*as*compared*to*the*control*arteries*(p*<*0.01)*(Figure*69).**
*
*
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*
Figure*66:*Macrophage*(A,D),*picrosirius*red*stain*(B,E)*and*it’s*polarised*light*
images* (C,F)* in* the* control* coronary* for* pig* 5564* (top* panel)* and* pig* 5563*
(bottom* panel)* show* plaque* free* sections,* with* intimal* wall* thickening*
observed.*
*
Figure* 67:* TCFA* morphology* –* Pig* 5320:* A* –* Macrophage* stain* showing* an*
accumulation* of* cells* in* the* shoulders* of* the* plaque.* B* –* zoomed* view* of*
highlighted*region*in*A.*C*–*Picosirius*red*stain*showing*lack*of*collagen*in*the*
thin*fibrous*cap.*D*–*polarised*light*image*of*C.*
Control$Arteries$–$Histology$(5564$and$5563)$
A$ B$ C$
D$ E$ F$
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D"
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*
*
Figure* 68:* TCFA*morphology* –* Pig* 5563* :* A* –*Macrophage* stain* showing* an*
accumulation* of* cells* in* the* shoulders* of* the* plaque.* B* –* zoomed* view* of*
highlighted*region*in*A*showing*high*macrophage*stain*intensity*(arrow).*C*–*
Picosirius* red*stain*showing* lack*of*collagen* in* the* fibrous*cap.*D*–*polarised*
light*image*of*C.**
*
*
*
*
*
*
*
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*
*
Figure*69:*Mean*plaque*and*macrophage*area*in*the*control*arteries*compared*
to*the*upstream*and*downstream*regions*of*the*stented*arteries*across*all*pigs.*
*
The*3D*histology*tool*previously*demonstrated*was*used*to*spatially*coCregister*
the*macrophage*stains*onto*the*terminal*end*point*FDCOCT*stented*coronary*
reconstruction*of*each*pig*respectively.*This*was*performed*for*all*stented*and*
unstented*coronary*artery*reconstructions*obtained*at*the*terminal*end*point.*
3D*macrophage*distributions*are*shown* for*all*5*animals*at* the*36*week* time*
point*(Figure*70).*It* is*clearly*seen*that*the*macrophage*accumulation*is*nonC*
uniform* and* appears* fairly* heterogeneous* in* both* the* upstream* and*
downstream* regions* and* across* animals.* Higher* concentrations* of*
P!<!0.01!
P!=!0.06!
P!<!0.05!
P!=!0.06!
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macrophages* are* depicted* by* higher* stain* density* (shown* by* brighter* red*
regions)*on*the*reconstruction.**
*
*
Figure*70:*3D*Histology*maps*of*macrophage*distribution*(red)*for*all*pigs.*En*
face*maps*show*upstream*and*downstream*accumulation*of*macrophages*with*
a* higher* concentration* of* macrophages* in* the* downstream* segments* for* all*
pigs.*Grey*lines*depict*stent*location.*
UPSTREAM) DOWNSTREAM)3D)Histology)
5298)
5320)
5303)
5563)
5564)
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3.3.6$$$Predictive$Value$of$Shear$Stress$Metrics$*
*
*
Seven*wall*shear*stress*metrics*used* in*the*previous*study*were*computed*for*
all*the*pigs*at*baseline*and*both*followCup*time*points*to*find*the*best*predictor*
of* atherosclerotic* plaque* localisation* observed* in* the* coronary* arteries* of*
hypercholesterolemic*miniCpigs.* In* this* study,*we* limited*our*overlap*analysis*
of* the*metrics*with*macrophage* accumulation* to* the*downstream* region* of*
the* stent.* Across* all* pigs,* the*mean* percentage* of*macrophages* coClocalising*
with*low*shear*regions*in*the*downstream*regions,*quantified*by*the*LSI*metric,*
rose* from* 3.4* ±* 3.9%* at* baseline* (preCstented)* to* peak* at* 64.7* ±* 22.4%* at* 18*
weeks* and* decreasing* to* 50.58* ±* 18.83%* at* 36* weeks,* suggesting* a* good*
predictive*value*for*LSI*as*a*metric*for*macrophage*accumulation*as*a*marker*of*
plaque* development* (Figure* 71).* Both* followCup* overlap* percentages* were*
significantly*different*from*baseline*(p*<*0.05),*suggesting*the*strong*influence*
of* the*stent*on*the*downstream*haemodynamics*and*subsequent*macrophage*
accumulation.* * Percentages* are* provided* as* Mean* ±* SD.* It* is* observed* that*
overlap* percentages* increased* consistently* for* pigs* 5563* and* 5320* and* were*
particularly* high* for* 5563,* where* 97.2%* of* the*macrophages* localised* to* low*
shear* regions* as* predicted* by* the* LSI* metric.* Both* these* pigs* displayed* the*
development* of* TCFA.* Pig* 5303*was* the* pig*with* the* least* overlaps*with* just*
22.3%* of* macrophages* overlapping* with* the* low* shear* regions.* Moreover,*
plaque*characterisation*from*histology*revealed*stable*lesions*with*pathological*
intimal*thickening.*
**
The*macrophage*stain*intensity*in*the*downstream*region*was*also*analysed*in*
relation* with* regions* of* high* shear* relative* to* its* preCstented* configuration,*
quantified*by*our*custom*metric*HSI.**It*was*found*that*the*mean*percentage*of*
total* macrophages* that* coClocalised* with* the* metric* remained* below* 25%*
through* the* duration* of* the* study* (Figure* 72).* The* percentage* overlap* was*
highest* in* the*baseline*post* stented*arteries* at* 23.5*±* 16.6%*and*decreased* to*
16.3*±* 22%*at* 18*weeks*and* 10.8*±* 3.5%*at* the*end*point*of* the* study,* further*
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suggesting*that*macrophages*preferentially*localise*to*regions*of*low*shear.*The*
overlaps*between*different*time*points*did*not*show*any*statistical*significance.*
Interestingly,*pig*5303*showed*the*highest*overlap*values*of*59.22%*at*18*weeks*
with*the*HSI*metric.*
*
*
Figure*71:*Macrophage*distribution*overlaps*with*the*LSI*metric.*
*
*
Figure*72:*Macrophage*distribution*overlaps*with*the*HSI*metric*
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A* similar* analysis* for* the* tSS* metric* also* showed* a* high* percentage* of*
macrophages*overlapping*with*regions*of*complex*multiCdirectional*blood*flow*
downstream* as* predicted* by* the* metric* (Figure* 73).* The* maximum* mean*
overlap*was*47.6*±*19%*at*18*weeks*compared*to*0*weeks*(p*<*0.05)*and*again*
decreased* marginally* to* 42.02* ±* 14.2%* at* 36* weeks,* however,* suggesting* a*
reasonably* good* predictive* value* of* this* metric* for* plaque* localisation.* The*
remaining*metric* and*macrophage* overlaps* are* not* shown*but* lower* overlap*
percentages*were*observed*as*compared*to*the*LSI,*HSI*and*tSS*as*summarised*
in* table* 19.* It* shows* what* percentage* of* macrophages* overlapped* with* the*
different*metrics* for* all* pigs* across* all* timepoints.* Time* 0* is* the* preCstented*
baseline*configuration,*0+*is*the*postCstented*baseline*configuration*while*1*and*
2*are*the*first*and*second*follow*up*time*points*respectively.**
*
*
Figure*73:*Macrophage*distribution*overlaps*with*tSS.*
*
*
*
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Table*19:*Overlap*percentages*(%)*for*macrophages*with*all*metrics.*
PIG$
ID$
$$
METRIC$$
TIME$
POINT$ TAWSS$ WSSAD$ OSI$ RRT$ LSI$ HSI$ tSS$
5298%
0% 100% 0% 0% 90.9% 0% 0.6% 0%
%%%0+% 75% 2.7% 4.8% 1.5% 19.7% 36.6% 10.9%
1% 2.2% 11.7% 40.4% 2.3% 68.3% 0% 41.3%
2% 7.5% 9.8% 2.1% 0.9% 72.6% 9.1% 66.2%
5320%
0% 99.1% 0% 0% 99.4% 0% 0% 0%
%%%0+% 50.3% 3.2% 35.1% 7.5% 46.3% 10.8% 38.8%
1% 24.9% 44.6% 26.2% %1.6% 56.4% 9.40% 55.3%
2% 9.2% 0.5% 16.6% 3.2% 71.4% 3.1% 34.3%
5303%
0% 99.1% 0% 0% 63.3% 10.3% 30.9% 3.3%
%%%0+% 32.5% 1.9% 14.4% 6.5% 37.1% 23.4% 52.4%
1% 53.9% 8.3% 12% 0% 28.5% 60% 13.8%
2% 7.5% 26.8% 7.9% 0% 20.8% 18% 30.5%
5563%
0% 73.1% 0% 0% 0% 5.7% 9.5% 28.3%
%%%0+% 49.4% 0% 0% 0% 77.4% 0% 24.3%
1% 0% 32.9% 38.9% 2.9% 97.7% %%%%0% 68.8%
2% .% .% .% .% .% .% .%
5564%
0% .% .% .% .% .% .% .%
%%%0+% 65.5% 10.7% 1.8% 0.2% 30.6% 45.5% 31.3%
1% 4.9% 19.8% 52% 4.7% 73% 12.6% 57.8%
2% 0% 41.1% 14.5% 8.3% 46% 7.1% 33.6%
Note:*Overlap*values*are*only*provided*for*the*downstream*segment.*
Time*points*0*=*preCstented*baseline,*0+*=*postCstented*baseline*
1*=*1st*follow*up,*2*=*2nd*follow*up.*
*
*
*
A* representative* example*of* the*pointCbyCpoint*overlap* analysis*performed* in*
the*downstream*region*at* the* terminal*end*point* for*one*pig* is* shown*below*
(Figure*74).*A* large*percentage*of* the*overlaps* lies* in* low*shear*stress*regions*
predicted*by*LSI.*A*histogram*of*the*overlaps*shows*the*absolute*values*of*the*
wall* shear* for* this* particular* example.* The* mean* wall* shear* across* these*
overlaps*was* found* to* be* 0.85* Pa* (Figure* 75).* The*mean*TAWSS*magnitudes*
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were*also*calculated*in*all*regions*of*macrophageCLSI*overlaps*and*were*found*
to*be* 1.05*±*0.21*Pa* in*preCstented*arteries* and*0.6*±*0.15*Pa* at* 18*weeks* (p* <*
0.05)* after* stent* implantation,* remaining* below* 1* Pa* for* overlaps* post* stent*
implantation*(Figure*76).*Values*are*Mean*±*SD.*
*
*
Figure*74:*The*3D*and*digitally*unwrapped*view*of*the*macrophage*distribution*
and*LSI*metric*distribution*is*shown*for*pig*5320*at*the*terminal*end*point*of*
the*study.*Statistically*significant*overlapping*clusters*are*found*for*all*regions*
where* the* stain* is*present.*Finally*an*overlap*analysis* is*performed* to*predict*
the*percentage*of*macrophages* in* low*shear*regions,* in*this*case*71.4%.* *Note*
the*above*representation*shows*the*analysis*for*the*downstream*region*only.*
*
*
*
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Find+
Overlaps+
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*
Figure*75:*A*histogram*of*all*the*stain*intensity*overlaps*with*low*shear*regions*
shows*the*mean*absolute*wall*shear*stress*is*0.85*Pa*
*
*
Figure* 76:* Absolute* magnitudes* of* TAWSS* in* regions* of* macrophage*
accumulation* over* time* displayed* that* all*macrophage* intensityCLSI* overlaps*
occurred*in*regions*with*very*low*shear*stress*magnitudes.*
$
$
Mean!=!0.85!Pa!
P!<!0.05!
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3.4$Discussion*
*
Local* haemodynamic* factors* such* as* wall* shear* stress* are* important*
determinants* of* atherosclerotic* plaque* progression,* particularly* in* coronary*
arteries,*where* they* are*known* to*be* focally*distributed*with* varying* rates*of*
progression*(P.*H.*Stone*2003).*There*lies*a*general*consensus*in*the*literature*
that* low* shear* stress* promotes* atherogenesis* while* higher* shear* stresses* are*
atheroprotective.*These*alterations*of*wall*shear*stress*found*in*various*sites*of*
the*vasculature*are*attributed*to*local*perturbations*in*the*flow,*which*further*
explain* the* heterogeneity* or* patchiness* of* plaque* development.* It* has* been*
shown* previously* that* in* high* shear* regions,* endothelial* cells* align* and*
elongate*in*the*flow*direction*and*are*protected*from*inflammation.*In*regions*
of* low* and* oscillatory* shear,* they* are* randomly* orientated* and* they* are* thus*
dysfunctional,* leading* to* a* proatherogenic* cell* phenotype* (Potter* et* al.* 2011;*
Davies* 1995).* The*dysfunctional* endothelium* responds* to* the* shear* forces* by*
expressing* atherogenic*mechanoCsensitive* genes* leading* to* inflammation* and*
lipid*accumulation,*eventually*causing*atherosclerosis.*It*is*therefore*important*
to*identify*and*predict*susceptible*regions*of*low*shear*stress*in#vivo#to*enable*
early* characterisation* of* highCrisk* plaques* and* prevent* an* acute* coronary*
syndrome*with*timely*treatment*or*intervention.**
*
In* this* study,* we* applied* the* computational* framework* developed* in* the*
previous*chapter*to*study*atherosclerotic*plaque*development*with*relation*to*
the*local*haemodynamics*in*coronary*arteries*of*5*hypercholesterolemic*miniC
pigs*over*36*weeks.* *Computational*tools*were*used*to*reconstruct*and*model*
stented*coronary*arteries*from*high*spatial*resolution* in# vivo*FDCOCT*images.*
Pulsatile*flow*simulations*were*computed*serially*over*the*study*duration*using*
pigCspecific* coronary* blood* flows* at* each* time* point.* A* distribution* of* seven*
WSS* based*metrics* was* computed* and* quantified* in* relation* with* histologyC
derived*macrophage* distribution* in* the* same* animals.*Our*main* finding*was*
the* high* percentage* of* coClocalisation* of* the* macrophages* in* atherosclerotic*
! 223!
plaques*with*regions*of* low*shear*stress*magnitudes,*particularly*distal* to* the*
stent.* * Moreover,* a* good* agreement* was* also* found* between* the* distal*
macrophage*distribution*and*metrics*capturing*the*oscillatory*nature*of*blood*
flow* such*as*OSI* and* tSS.*Overall,* areas*of* low*and*oscillatory* shear* induced*
downstream* of* the* stenotic* stent* were* more* frequently* associated* with*
advanced*atherosclerotic* lesions*and*TCFAs,*also*showing*significantly*higher*
macrophage*density*when*compared*to*the*upstream*regions.*
*
Characterising* local* haemodynamic* factors* such* as* shear* stress* in* coronary*
arteries*using*CFD*require*in#vivo*coronary*artery*lumen*reconstructions*to*be*
performed*from*medical*images.*A*number*of*previous*studies*have*attempted*
to*find*causal*linkages*between*the*development*of*coronary*artery*disease*and*
haemodynamic* factors,* reviewed* by* Zhang* et* al* (Zhang* et* al.* 2014).* A* small*
number* of* studies* have* employed* postCmortem* histologyCimage* based*
techniques* for* 2D* reconstructions* (Dabagh* et* al.* 2013)* or* corrosion* casting*
based*3D*reconstructions*of*coronary*arteries*(Joshi*2004,*Rikhtegar*et*al.*2013).*
However,*for* in#vivo*studies*a*combination*of*intravascular*ultrasound*(IVUS)*
and* biplane* angiography,* originally* introduced* as* the* ANGUS* technique*
(Slager*et*al.*1995)*has*been*the*method*of*choice*for*3D*vessel*reconstructions*
to* investigate* coronary* WSS* linkage* with* vascular* remodeling,* plaque*
morphology*and*composition*in*patients*(Krams*et*al.*1997;*Samady*et*al.*2011;*
Wentzel*2003;*Papafaklis*et*al.*2007)*and*pig*models*(Koskinas,*Chatzizisis,*et*
al.*2013;*Chatzizisis*et*al.*2008).*To*the*author’s*knowledge,*the*study*presented*
herein*is*the*first*to*investigate*WSS*and*related*metrics*longitudinally*in*FDC
OCT*reconstructed*stented*coronary*arteries*in*a*pig*model*of*atherosclerosis.*
FDCOCT* provides* higher* resolution* and* hence* accurate* WSS* based* metric*
computations*compared*to*IVUS,*due*to*the*highly*reproducible*and*accurate*
reconstructions* of* the* lumen,* which* is* slightly* overestimated* in* IVUS* based*
measurements*due*to*the*lower*resolution*as*shown*by*Kubo*et*al*(Kubo*et*al.*
2013).*Very*little*was*found*in*the*literature*on*FDCOCT*based*coronary*artery*
haemodynamics.*The*feasibility*of* the*technique* in*a*single*artery*was*shown*
earlier* in* relation* to* plaque* rupture* (Bourantas* et* al.* 2012)* and* has* been*
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extended* by* the* same* group* to* characterise* TCFA*morphology* and* coronary*
WSS* in*patients*very* recently* (Vergallo*et* al.* 2014).*Additionally,*most*of* the*
previous*studies*mentioned*have*been*limited*to*investigating*haemodynamics*
in* relation* to* naturally* occurring* disease,* either* in* patients* with* already*
existing* lesions* (hence* not* having* access* to* baseline* haemodynamics),* or* in*
relation* to* natural* history* of* disease* in* induced* diabetic* or*
hypercholesterolemic*pigs.*In*comparison,*our*study*used*a*novel*stenotic*stent*
developed*in*our*group*which*artificially*creates*a*coronary*stenosis,*imposing*
a*distinct*haemodynamic*profile*to*which*disease*development*can*be*related*
to*consistently*in*a*serial*manner.*
*
We*performed* in# vivo*WSS*computations*at*baseline*in*the*preCstented,*postC*
stented*and*control*arteries*and*in*the*corresponding*arteries*at*follow*up*at*18*
and* 36* weeks.* The* values* of* TAWSS* observed* in* the* stented* and* unstented*
coronary*arteries*(Tables*17,18)*lie*within*the*range*of*data*in*the*literature*for*
stented* porcine* arteries* (Thim* et* al.,* 2010,* Soulis* et* al,* 2006)* as* well* as*
undiseased* human* coronary* arteries* (Samady* et* al* 2011)* respectively.* Such* a*
study* facilitated*haemodynamics* to*be* followed*over* time* in* the* same* vessel*
from* healthy* to* advanced* diseased* state* to* identify* regions* vulnerable* to*
inflammation* and* subsequent* plaque* development.* We* used* the* in* house*
developed*PTFECcovered*stent*(Foin*et*al.*2013)*to*induce*50%*stenoses*in*the*
porcine* coronary* arteries* of* 5* pigs.* The* advantage* of* these* stents* is* the*
consistent* lesion* severity* that* can* be* induced* in* the* arteries,* compared* to*
previous* studies* when* external* occluders* and* ligations,* or* partially* inflated*
balloons*or* injury*models*have*been*performed,*which* require*an*openCchest*
surgery*for*the*animals*and*also*induce*unpredictable*stenoses*severities*(Foin*
et*al.*2013,*Thim*et*al.*2010,*Shi*et*al.*2009).*Additionally,*the*PTFE*covering*on*
the* stents* covers* the* areas* of* damaged* endothelium* due* to* stent* placement*
and* a* previous* study* performed* OCT* imaging* of* the* regions* proximal* and*
distal*to*the*stentCinduced*lesions*and*demonstrated*no*endothelial*damage*or*
dissection*flaps*(Foin*et*al.*2013),*suggesting*that*the*stents*were*not* likely*to*
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have*an*effect*on*lipid*or*macrophage*accumulation*proximal*and*distal*to*the*
stent,*our*primary*regions*of*interest.*
**
Haemodynamically,* the* stenotic* stents* induced* distinct* regions* of* lowered*
shear* stress* upstream* with* unidirectional* flow* and* low/oscillatory* shear*
regions*downstream*with*a*significant*degree*of*recirculation,*while*increasing*
the*shear*stress*within*the*throat*of*the*stenosis.*Such*patterns*were*similar*to*
our*study*in*cuffed*mouse*carotid*arteries*shown*in*chapter*2*and*are*in*good*
agreement* with* previous* studies* of* flow* in* stented* arteries* (Sui* et* al.* 2014;*
Dabagh*et*al.*2013).*Moreover,* the* imposition*of* the* low*shear*regions*due*to*
the* stenotic* stent* accelerated* atherosclerotic* lesion* development* in* these*
regions,* with* the* occurrence* of* advanced* atherosclerotic* lesions* in* all* pigs,*
including* the* occurrence* of* TCFAs* –* a* rupture* prone* plaque* type* often*
resulting*in*adverse*clinical*events*(Pedrigi*et*al.*2014)*C*in*two*of*the*five*pigs*
downstream* of* the* stent* by* the* 36* weeks* time* point.* Importantly,* it* was*
observed*that* these*regions*experienced* low*magnitudes*of*shear*stress*along*
with*significant*flow*reversal*throughout*the*study*duration,*with*both*factors*
having*shown*to*be* important* in* the*development*of*endothelial*dysfunction*
and*atheroma*formation*(Cheng*2006;*Conway*et*al.*2010).**
*
Recent* work* in* human* coronary* arteries* has* shown* that* recirculation* zones*
increase* with* stent* severity* and* are* also* affected* by* the* nonCsymmetry* or*
eccentricity*of*a*stenosis*(Javadzadegan*et*al.*2013),*which*could*explain*some*
of* the* qualitative* differences* in* recirculation* regions* seen* in* this* study.*
Koskinas*et*al*found*a*high*prevalence*of*TCFAs*developing*in*persistently*low*
WSS* regions* as* compared* to* high* WSS* regions* (74%* versus* 26%)* in*
streptozotocin* induced* diabetic,* hypercholesterolemic* pigs* (Koskinas,*
Sukhova,* et* al.* 2013).* Furthermore,* similar* longitudinal* in# vivo* studies* in*
patients* with* intravascular* ultrasound* (VHCIVUS)* based* plaque*
characterisation* (P.* H.* Stone* 2003)* * and* pigs* with* histology* based* plaque*
characterisation*(Koskinas,*Feldman*&*Chatzizisis*2010;*Chatzizisis*et*al.*2011)*
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found* atherosclerotic* progression* and* greater* plaque* severity* in* low* shear*
regions,*further*supporting*our*findings.*
*
Furthermore,*we*observed*significant*vessel*remodeling*in*the*stented*coronary*
arteries*in*all*pigs.*Particularly,*regions*of*persistent*low*shear*downstream*of*
the*stenosis*displayed*postCstenotic*dilatation*particularly*in*pigs*5303*and*5320*
by* the* first* followCup* time* point,* where* mean* stenosis* severity* was* 73.4* ±*
14.4%.*Similarly,*such*dilations*of* the*downstream*lumen*were*also*shown*by*
Shi*et*al*in*ligated*porcine*carotid*with*an*area*stenosis*>70%*and*Thim*et*al*in*
stenosed* carotid* arteries* (Shi* et* al.* 2009,* Thim* et* al* 2010).* PostCstenotic*
dilatations* have* been* associated* with* severe* stenoses* and* the* resulting* low*
shear*stress*downstream,*with*a*large*component*of*oscillatory*shear*stress,*as*
seen* in* our* study.* There* are* a* few* likely* explanations* for* the* occurrence* of*
these* dilatations* occurring* immediately* downstream* of* the* stenosis.* As* the*
volumetric* flow* between* the* upstream* and* downstream* regions* is* the* same,*
lower*linear*velocities*and*hence*WSS*in*the*distal*region*to*the*stenosis*than*
in* proximal* regions* can* be* associated*with* the* dilatations* (Thim* et* al* 2010).*
Additionally,*the*increased*severity*of*the*stenosis*lead*to*a*jetClike*propulsion*
of*flow*onto*the*outer*curvature*of*the*arteries*leading*to*regions*of*high*WSS*
streaks*on*the*outer*wall*and*low*and*oscillatory*regions*on*the*inner*wall.**The*
areas*that*experience*higher*shear*stresses*are*typically*plaqueCfree.*Slager*et*al*
suggest* that* the*endothelial* cells* in* the*plaqueCfree* regions*of* the*wall* could*
play* a* role* in* the* compensatory* outward* remodeling* of* the* vessel* wall* by*
controlling*the*lumen*dimensions*as*a*response*to*the*shear*stress*(Slager*et*al*
2005).*The*dilatations*occurred*in*regions*experiencing*the*low*and*oscillatory*
flow*and*WSS*on*the*inner*curvatures*on*the*arteries.*They*appeared*to*further*
lower* the* shear* stress* from* the* baseline* shear* and* displayed* large* vortices*
possibly*due*to*the*increase*in*lumen*diameters*while*volumetric*flow*through*
the*vessel*is*the*same*(Thim*et*al.*2010).*Qualitatively,*a*marked*heterogeneity*
in* remodeling* response* was* seen* in* all* stented* coronaries* in* our* study,*
however,* a* general* trend* of* the* lumen* diameter* to* increase* over* time,*
particularly* in* the* upstream* regions* was* observed* (Figure* 56).* Downstream,*
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although* postCstenotic* dilatations* were* observed* in* some* pigs,* the* mean*
diameter* values* showed* a* small* decrease* relative* to* baseline.* * However,* the*
large* variation* in* the* downstream* diameters* across* all* pigs* supports* the*
different* remodeling* responses* seen* in* other* studies.* It* is* known* that* the*
remodeling* response* can* dynamically* evolve* with* changing* haemodynamics,*
particularly*WSS,* as* the* endothelial* cells* attempt* to* regulate* the* shear* to* a*
physiological* level,* producing* focal* and* independent* responses* in* an* artery*
(Slager* et* al.* 2005).* Since*we* have*measurements* at* just* two* followCup* time*
points,*we*are*seeing*a*snapshot*of*the*remodeling*response.*With*time,*we*saw*
an* increase* in*maximum*percentage*stenosis.*This*observation*was*supported*
by* the* occurrence* of* in* stent* restenosis* as* a* result* of* neointimal* formation,*
increasing* stenosis* severity*as* seen* in* the*FDCOCT* images*of* two*pigs* in* this*
study*(Figure*77).* InCstent*restenosis*has*been*known*as*a* local* inflammatory*
response* to* vascular* injury*due* to* stent* struts,* often* seen* after* percutaneous*
coronary* interventions* (P.* H.* Stone* 2003),* a* likely* explanation* for* this*
observation*in*our*study.*Intriguingly,*regions*of*low*shear*stress*downstream*
of*the*stent*displayed*positive*outward*remodeling,* further* lowering*the*WSS*
and* entering* a* vicious* cycle* of* low* WSS* promoting* multiple* atherogenic*
stimuli,* enhancing* macrophage* infiltration* and* inflammation* until* eventual*
evolution*of*plaques* to*a*TCFA(Koskinas*et*al.*2009;*Pedrigi*et*al.*2014).*This*
could*be*a*possible*explanation*for*the*manifestation*of*TCFAs*in*our*study.*
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Figure* 77:*OCT* images* displaying* inCstent* restenosis* in* pig* 5564* (A)* and* pig*
5298* (B)* in* our* study.* Intimal* hyperplasia* or* thickening* of* the* vessel* wall*
(white* arrows)* encroaching* into* the* vessel* lumen* further* increases* stenosis*
severity.*
*
At*the*terminal*end*point*of*the*study,*histology*was*performed*for*segments*
immediately*upstream*and*downstream*of* the* stent* and* stained* for*different*
plaque*biomarkers* such*as*macrophages,* collagen*and*calcium.* In* this* study,*
an*investigation*of*WSS*metrics*and*macrophage*accumulation*was*performed.*
Macrophages*are* largely*responsible* for* lipid*metabolism*and*highly* localised*
to* inflammation,* often* found* in* the* cap* and* plaque* shoulders* of* advanced*
lesions,*prone*to*rupture*(Pasterkamp*&*Schoneveld*1999),*as*was*also*seen*in*
this* study* (Figure*68).*The* 3D*histology* technique*described*enabled* the* coC
registration* of* the* focal* macrophage* distribution* on* the* in# vivo* lumen.* The*
technique*allows*a*better*visualisation*of*the*focal*macrophage*distributions*on*
the*in#vivo*geometries.*Additionally,*the*en*face*maps*of*the*stain*distributions*
display* the*heterogeneity*observed*across* all* animals* and*highlight* the* lower*
concentrations*of*macrophages*proximal*to*the*stent*as*compared*to*the*higher*
concentrations*in*the*distal*segments*of*the*stenotic*stent.*Furthermore,*the*3D*
histology* technique* allowed* a* rigorous* quantification* of* the* macrophage*
overlaps*with*various*WSS*metrics*over*time.*In*this*study,*we*focused*on*the*
overlaps* of* the*macrophages* with* the*metrics* quantified* in* the* downstream*
A" B"
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regions*only.*This*was*based*on*the*findings*that*the*plaque*and*macrophage*
areas* were* much* lower* upstream* of* the* stent* compared* to* the* downstream*
region.* Additionally,* histology* revealed* advanced* atherosclerotic* lesions*
including* TCFAs* downstream* of* the* stent* while* upstream* regions* revealed*
early* to* intermediate* lesions* with* some* intimal* thickening.* The* statistical*
approach*to*quantify*the*overlaps*between*the*macrophages*and*the*different*
metrics*in*this*study*was*the*same*as*in*the*previous*chapter.*The*difference*is*
the*threshold*selection,*which*changed*from*15%*in*the*mice*to*10%*in*the*pigs.*
In*the*mouse*study,*the*15%*threshold*was*a*result*of*manual*optimization*of*
the*metrics*to*remove*noisy*values*and*minimize*the*difference*in*the*metrics*
(eg.* LSI* and* HSI)* between* the* preCinstrumented* left* carotid* artery* and* the*
uninstrumented* right* carotid* artery* at*baseline.*This*was*done*as* it* could*be*
expected* that* the* shear* stress* in*both*arteries* at*baseline*do*not*differ*much*
and*hence*the*metrics*should*not*identify*any*susceptible*regions.*Additionally,*
this*threshold*created*a*window*of*normal*physiological*shear*values*outside*of*
which* the* metrics* highlighted* regions* affected* by* the* flow* perturbations*
induced*by*the*cuff.*Moreoever,*in*the*mice,*the*simulated*WSS*errors*could*be*
higher* compared* to* the* pigs* due* the* lower* relative* resolution* and* the*
subsequent* error* in* the* diameters* of* the* arteries.* In* the* mice,* the* imaging*
resolution*was*40um*for*a*600um*artery,*which*is*compared*to*the*pigs,*where*
the* imaging* resolution* was* 15um* for* a* 3mm* artery.* Thus* metrics* could* be*
quantified*with*higher*accuracy*in*the*pigs,*justifying*a*lower*threshold*of*10%.*
Finally,* this* threshold* aligned* well* with* a* ~9.5%* error* found* in* the* shear*
measurements*based*on*a*phantom*study.*
*
Our*custom*metric*LSI*appeared*to*be*the*best*predictor*of*macrophage*
accumulation*with*a*growing*trend*of*mean*overlaps*from*~45%*postCstent*at*
baseline* to* ~70%* at* 18* weeks,* slightly* dropping* off* at* the* last* time* point,*
however,*suggesting*macrophages*largely*accumulate*in*low*shear*regions.*This*
was* confirmed* by* quantifying* the* absolute* TAWSS* magnitudes* in* the*
overlapping*regions*for*all*pigs,*which*remained*persistently*low*over*time,*(<*
0.8* Pa)* particularly* in* the* stented* configurations.* For* pig* 5563* that* did* not*
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survive* beyond* 18* weeks,* histology* was* performed* and* the* plaques*
characterised* in* the* downstream* segment* revealed* a* thinCcap* fibroatheroma*
(Figure*67).*Intriguingly,*quantification*of*overlaps*at*that*time*point*shows*a*
close* to* 100%*overlap*with* the*LSI*metric.*An* advantage*of* the*LSI*metric* is*
that* it*computes*a*reference* low*shear*value* for*each*artery* from*it’s*baseline*
preCstented* configuration* (not* a* contralateral* control* as* in* chapter* 2)* and*
identifies*all* corresponding* regions* in* that*artery* that*experience* lower* shear*
after* stent* placement,* thus* avoiding* the* setting* of* a* global* threshold* of* low*
shear*for*all*animals*as*done*previously*by*Koskinas*et*al*(Koskinas,*Sukhova,*et*
al.* 2013).* Since* endothelial* cells* in* those* regions* now* experience* lower* shear*
than* their* physiological* baseline,* downstream* proatherogenic* mechanoC
sensitive* signaling* pathways* could* be* activated,* leading* to* the* initiation* of*
atherosclerosis*and*it’s*associated*features*such*as*vessel*remodeling.*
*
Moreover,* on* further* analysis,*multiCdirectional* complex* flow*downstream*of*
the*stent*captured*by*tSS*also*showed*a*good*agreement*with*the*macrophage*
distribution*and*followed*a*similar*trend*as*the*LSI*but*with*lower*correlation*
values*of*47.6*±*19%*at*18*weeks*and*42*±*14.2%*at*36*weeks.*Interestingly,*one*
of* the* pigs* (5303)* seemed* to* have* the* least* overlap* with* both* metrics*
characterising* low* (LSI)* and* multidirectional* shear* (tSS).* On* further*
investigation,* this* pig* had* the* highest*mean* overlapping* TAWSS* at* baseline*
(1.32*Pa)*compared*to*the*other*animals.*Plaque*characterisation*for*this*animal*
revealed* intermediate* Type* III* lesions* (AHA* classification)* or* pathological*
intimal*thickening*and*a*thick*cap*fibroatheroma.*Furthermore,*when*overlaps*
were* quantified* with* the* HSI* metric,* the* mean* percentage* overlaps* were*
markedly* lower* for*all*pigs* (closer* to*20%),*barring*pig*5303*at* 18*weeks*with*
~60%*of*macrophages* found* in* the*high* shear* regions.*The* reason* for* this* is*
not*entirely*clear*but*a*possible*explanation*could*be*the*downstream*streak*of*
high*WSS*on*the*outer*curvature*covering*a*greater*portion*of*the*lumen*over*
which* the* histology* sections* were* collected.* However,* this* requires* further*
investigation.*Finally,*it*is*important*to*note*that*the*percentage*overlap*values*
are* obtained* on* a* pointCtoCpoint* basis,* at* a* higher* resolution* than* previous*
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studies*that*employ*some*form*of*data*reduction,*either*averaging*in*a*certain*
direction*(Samady*et*al.*2011)*or*dividing*the*surface*into*few*millimeter*wide*
subsegments* (P.* H.* Stone* 2003;* P.* H.* Stone* et* al.* 2007).* A* summary* of* the*
overlap* between* macrophages* and* all* metrics* used* in* this* study* (Table* 19)*
displays*lower*values*of*percentage*overlaps*for*the*other*shear*based*metrics,*
highlighting* the* ability* of* our* custom* metric* LSI* to* predict* macrophage*
accumulation*as*a*marker*for*atherosclerotic*plaque*localisation.*It*is*important*
to*note*that*although*the*post*stented*configurations*(Time*point*0+,*1*and*2)*
are*most* interesting,* some*of* the*baseline*values* for* the*TAWSS*metric*seem*
high.* This* is* because* the* TAWSS*metric* was* not* optimised* to* be* used* as* a*
predictive*metric.*All*other*metrics*were*scaled*from*0*to*1,*where*0*is*null*and*
1* is* the*highest* and*most* interesting* value* for* that*metric.*However,* TAWSS*
was* unique* in* that* it* was* scaled* by*merely* dividing* by* the*maximum* value*
versus,* for* instance,* dividing* by* some* normal* mean* value.* As* a* result,* the*
software* considered* all* values* above* the* 0.1* threshold* as* a* significant* value*
when* they* were* not.* A* 100%* overlap* simply* means* that* all* macrophages*
localise* to* the* region* of* that* metric* for* which* the* value* is* greater* than* the*
threshold.*For*TAWSS,*the*high*percentage*values*at*baseline*preCstented*time*
point*(time*point*0)*suggest*that*this*metric*is*not*predictive*for*our*purposes.*
*
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Figure* 78:* Pig* 5303* C* Plaque* morphology* showing* pathological* intimal*
thickening*seen*by*the*lack*of*lipid*cores*in*the*polarized*light*images*(seen*as*
black*holes*within*the*plaque*in*figure*C*and*F)*in*two*different*sections*of*the*
downstream*segment.*
*
Overall,* it*was* found*that*the*regions*upstream*of*the*stent*were*observed*to*
have*smaller*plaques*in*area,*with*little*macrophage*accumulation*and*certain*
amount*of*intimal*thickening*in*regions*of*low*shear.*However,*there*were*no*
mature* atherosclerotic* lesions* or* the* occurrence* of* TCFAs.* In* contrast,* the*
lesions* downstream* of* the* stent* were* larger* and* more* advanced* showing*
greater* intimal* thickening* and* higher*macrophage* density.* Interestingly,* the*
development* of* rupture* prone* TCFAs* was* also* observed* specifically* in* the*
downstream*segment.*In*these*regions,*the*endothelium*experienced*very*low*
magnitudes*of*shear*stress*due*to*the*large*recirculation*zones*as*depicted*by*
the*maximum*LSI*values*found*in*this*segment.*These*low*magnitudes*of*WSS*
were*created*by*the*implanted*stenotic*stent*creating*a*jet*that,*together*with*
the*curvature*of*the*vessel*caused*a*streak*of*high*shear*on*the*outer*curvature*
of* the* artery* but* very* low* and* oscillatory* shear* on* the* inner* curvature.**
Furthermore,* these* persistently* low*magnitude* regions* have* been* associated*
5303$–$S22$$($PIT$$
5303$–$S26$
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with* a* high* prevalence* of* TCFAs,* greater* plaque* severity* and* plaque*
progression* in* studies* performed* by* the* Stone* group* as* mentioned* earlier*
(Koskinas,*Sukhova*et*al.,*2013,*Chatzizisis*et*al.,*2011).**
*
The* results* of* this* chapter* highlight* the* influence* of* low* shear* stress* on*
atherosclerotic* plaque* initiation.* * Lesions* that* developed* immediately*
downstream* and* upstream* of* the* coronary* stent* appeared* to* occur* more*
frequently* in* zones* of* lower*WSS,* quantified* by* our* metric* LSI.* A* previous*
study* of* WSS* and* plaque* development* in* stenosed* carotid* arteries* of*
hypercholesterolemic* minipigs* also* showed* lesions* more* advanced* in* postC
stenotic* segments* when* compared* to* the* preCstenotic* segments* (Thim* et* al.*
2010).* Interestingly,* our* previous* study* in* the* mice* revealed* ruptureCprone*
mature*plaques*in*the*preCstenotic*segment*as*compared*to*the*current*study.*
Additionally,* advanced* vulnerable* atherosclerotic* lesions* have* also* been*
previously* reported* upstream* of* a* surgically* induced* stenosis* in* common*
carotid*arteries*of* swine*models* (Shi*et*al.*2009).* It* is* important* to*note* that*
anatomically,* the* carotid* artery* is* relatively* straight* as* compared* to* the*
coronary*artery*such*that*they*have*different*haemodynamics*which*could*lead*
to* the* discrepancy* in* results* due* to* the* severity* of* the* low* shear* regions*
differing* between* the* two* arteries* and* also* the* two* animal* models.**
Additionally,* the* initial* stenosis* severities* induced* in* the* aboveCmentioned*
study* as* well* as* our* mouse* study* were* approximately* 85%* and* ~70%*
respectively*as*compared*to*~55%*in*our*pig*study.*These*high*severities*might*
lead*to*lower*shear*stresses*upstream*due*to*the*larger*effect*of*a*flow*limiting*
stenosis* induced,* possibly* explaining* the* advanced* atherosclerotic* lesions*
observed*in*the*upstream*regions.***
*
Finally,* another*difference*between* the*mouse* and*pig*models* used* refers* to*
the*time*scale*of*plaque*development.*For*example,*the*duration*of*the*study*of*
the* by* Shi* et* al* mentioned* above* was* significantly* shorter* (3* months)*
compared* to*our* study* (8*months)*which* could* lead* to* a*possible*premature*
evaluation* of* atherosclerotic* plaque* morphologies.* Moreover,* for* our* mouse*
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study,*we*observed* that* the*plaques*downstream*developed*much* faster* (~* 3*
times)*than*the*upstream*plaques.*In*the*pig*study,*downstream*plaques*were*
observed* to* be* much* larger* than* the* upstream* plaques* at* the* terminal* end*
point*of*the*study,*but*the*upstream*plaques*in*the*pig*were*much*less*mature*
than*those*in*the*mice.*This*difference*could*be*linked*to*the*time*course*of*the*
plaque*development*in*the*mouse*versus*the*pig*and*in*carotid*versus*coronary*
arteries,*highlighting*the*importance*of*haemodynamics*in*the*development*of*
atherosclerosis.* A* possible* explanation* for* the* slower* plaque* development*
upstream* in* both* animal*models* could* be* that* the* low* shear* created* by* the*
imposed* stenosis* is* only* moderate* in* terms* of* accelerating* atherosclerotic*
plaque*development,*thus*requiring*a*longer*timescale*for*development.*In*the*
pig*model,*we*may*not*have* allowed*a* long*enough* time* for*TCFAs* to*occur*
upstream*of*the*stent.*
*
One* limitation* of* the* study* that* must* be* acknowledged* is* the* exclusion* of*
branches*in*the*coronary*arteries*studied.*Although*flow*close*to*the*branches*
is* found* to* be* disturbed* and* could* possibly* affect* the* overlap* analysis* by*
altering* the* magnitudes* of* shear,* care* was* taken* during* experimentation* to*
implant*the*stent*away*from*branches*as*our*primary*regions*of* interest*were*
the*segments*of*the*artery*immediately*proximal*and*distal*to*the*stent.*These*
areas*were*most* susceptible* to*plaque*development*due* to*effects*of* the* flow*
limiting* stenosis* and*were*hence* chosen* as* the* areas* over*which* the* overlap*
analysis* would* be* performed.* However,* avoiding* branches* during* stent*
implantation*was*not*always*possible*and*this*was*seen*from*histology*sections*
collected* as* a* branch*was* identified* in* the*downstream* region* for* 2* animals.*
Further* downstream* branches* were* identified* from* the* OCT* images,* but*
appeared* to* be* either* far* enough* along* the* artery* length* or* comparatively*
smaller* than* the* parent* vessel* diameter* to* affect* the* haemodynamics* in* the*
region*from*which*histology*was*collected*and*analysed,*i.e.*~4*mm*distal*and*
proximal* to* the* stenotic* stent.* It* would* be* interesting* to* reCanalyse* the*
macrophageCmetric*overlaps*with* the*addition*of* coronary*artery*branches* to*
the*geometry,*to*elucidate*the*influence*of*the*altered*haemodynamics*close*to*
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branch*exits*on*the*overlaps.*Low*shear*regions*often*appear*close*to*branches*
and*bifurcations*as* the* lumen*expands*proximal* to*branch*exits,*which*could*
impact* the* LSI* metric.* Additionally,* branch* openings* also* lead* to* disturbed*
multidirectional* flow,* which* could* influence* the* tSS* metric,* supporting* the*
need*for*further*investigation.*
*
*
* *
! 236!
*
*
*
$
$
$
$
$
Chapter(4*
Conclusions)and)Future)Work*
*
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This*chapter*summarises*the*contributions*of*this*thesis*and*suggests*possible*
future*work*to*extend*the*research*presented*herein.*
$
4.1$$Conclusions$
The* research* presented* in* this* thesis* aimed* to* explore* the* potential*
relationship* of* local* haemodynamics* and* the* distribution* of* atherosclerotic*
plaques* in* two*animal*models*of* atherosclerosis.* In*order* to*do* so,* a* custom*
platform* was* developed* to* integrate* data* obtained* from* in# vivo* imaging,*
computational*fluid*dynamics,*and*histology.*
*
Firstly,* the* patterns* of* atherosclerotic* plaque* markers* were* colocalised* to*
patterns*of*WSS*based*metrics*in*ApoEC/C*mice.**This*study*represented*the*first*
attempt* of* performing* longitudinal* in# vivo* microCCT* to* reconstruct* carotid*
arteries*and*compute*mouseCspecific*haemodynamics*from*the*healthy*state*to*
a*fullyCdeveloped*atherosclerotic*plaque.*The*perivascular*cuff*fitted*around*the*
carotid*arteries* introduced* flow*perturbations* that*caused* low*WSS*upstream*
and* low* oscillatory* WSS* downstream* of* the* cuff,* consistent* with* previous*
studies.*Lipid*and*macrophage*uptake*appeared*to*originate*and*progressed*in*
regions*of*low*and/or*oscillatory*shear*giving*rise*to*stable*plaques*downstream*
and* vulnerable* plaques* upstream* of* the* cuff.* New* computational* tools* were*
developed*as*part*of*the*platform*to*facilitate*the*coCregistration*of*histological*
stains* on* the* 3D* in# vivo* lumen* reconstructions,* termed* 3D* Histology,* and*
correlate* pointCbyCpoint* the* coClocalisation* of* lipids* and* macrophages* with*
perturbed*regions*of*flow.*
*
Furthermore,* acknowledging* the* variability* of* flow* and* disease* development*
between*animals*and*species,*two*novel*metrics*were*developed*that*prescribed*
a* local* animalCspecific* reference* shear* value* using* the* unCinstrumented*
contralateral* artery* within* each* animal.* These* reference* values* were* used* to*
quantify*comparatively*low*and*high*shear*regions*in*the*instrumented*arteries,*
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making* the*characterisation*of*pathologically* low*or*high*values*of* shear* less*
subjective* than* previous* studies* which* prescribed* a* global* threshold* for* all*
animals/patients*in*the*study.*The*detailed*investigation*of*plaque*components*
with*the*WSS*metrics*showed*an*important*role*of*low*shear*(quantified*by*our*
novel* metric* LSI)* in* the* early* initiation* of* the* disease.* In* comparison* to*
previously* established*metrics,* the*novel*metric* LSI* appeared* to*be* the*most*
predictive* of* atherosclerotic* plaque* localization,* supporting* the* existing*
theories*of*the*importance*of*low*shear*stress*in*the*initiation*of*the*disease.**
*
The*results*of*this*chapter*highlighted*the*importance*of*longitudinal*studies*of*
disease* development* as* compared* to* studying* a* ‘snapshot’* of* the* disease* as*
most* previous* studies* have* done,* which* could* offer* an* explanation* for* the*
ongoing*debate* in* the*bioengineering*community*regarding*the*prevalence*of*
disease* localisation*with* low*or*high* shear.*The* stage*of* the*disease*at*which*
such* analyses* are* performed* could* reveal* differing* outcomes.* Finally,* the*
platform* developed* also* provides* computational* tools* that* can* be* extended*
into*future*studies*as*discussed*in*the*following*section.*
*
Next,* the* application* of* this* platform* was* extended* to* investigate* the* coC
localisation* of* atherosclerosis* in* relation* to* WSS* and* related* metric*
distributions* in* a* novel*D374YCPCSK9* Yucatan* hypercholesterolemic*minipig*
model.*A*novel*shearCmodifying*stent*was*implanted*in*the*coronary*arteries*to*
induce*a*distinct*haemodynamic*profile.* Interestingly,*although*WSS*patterns*
were*in*agreement*with*patterns*in*the*mouse*model,*advanced*atherosclerotic*
plaques* including* TCFAs* were* found* downstream* of* the* stent,* with* more*
pathological* thickening* seen* upstream.* * PigCspecific* haemodynamics* were*
computed* in* coronary* artery* reconstructions* generated* from* high* resolution*
intravascular* FDCOCT* through* an* inChouse* developed* algorithm.* FDCOCT*
enabled*high*fidelity*reconstructions*and*highly*accurate*haemodynamics*to*be*
computed*as*compared*to*IVUS*based*reconstructions*used*in*previous*studies,*
since* small* geometrical* variations* can* alter* the* local* WSS* patterns* and*
magnitudes.* In* addition,* FDCOCT* based* reconstructions* displayed* vascular*
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remodeling*responses*seen,*particularly*in*the*postCstent*regions*where*the*low*
shear* regions* displayed* varying* degrees* of* positive* outward* remodeling,*
suggesting* a* complex* milieu* of* flow,* WSS* and* endothelial* cell* responses*
consistent* with* previous* studies.* Lastly,* histologyCbased* macrophage*
distribution* was* correlated* with* various* WSSCbased* metrics* using* the* 3D*
Histology* technique* in*a*pointCwise*manner* to* find* that*macrophages* largely*
accumulated*in* low*shear*regions*as*best*predicted*by*our*metric*LSI,* further*
supporting* our* previous* findings.* Moreover,* the* percentage* of* macrophages*
overlapping* with* the* HSI* metric* remained* fairly* low* over* time.* Finally,* the*
complex*flow*in*the*postCstent*region,*as*seen*by*the*recirculating*streamlines*
were* characterised* by* the* tSS* metric* and* further* showed* a* good* agreement*
with* the* focal* macrophage* distribution.* Thus,* we* have* developed* a* novel*
model*of* focal*advanced*atherosclerosis* in*D374CPCSK9*minipigs*and*showed*
that* macrophages* accumulate* in* regions* of* low* shear* stress,* supporting* our*
hypothesis*that*low*shear*plays*a*vital*role*in*ruptureCprone*vulnerable*plaque*
development.*This* study* represented* the* first* attempt*of*performing* serial* in#
vivo* FDCOCT* in* a* pig* model* to* reconstruct* coronary* arteries* and* compute*
longitudinal* haemodynamics* from* the* healthy* state* to* an* induced* diseased*
state.*
*
*
The*thesis*showed*good*correlation*between*disease*distribution*patterns*and*
haemodynamic*metrics*and*supports*the*hypothesis*that*flow*disturbances*can*
drive* the* development* of* atherosclerosis.* It* provides* a* glimpse* of* the* spatial*
and*temporal*complexity*of*this*disease.*In*addition,*it*emphasises*the*need*for*
more* longitudinal* studies* to* be* performed* from* baseline* to* diseased*
configurations* to* capture* the* subjectCspecific* variability* in* flowCmediated*
disease* development* to* further* elucidate* the* importance* of* flow* related*
mechanics*at*various*stages*of*the*disease.*Finally,* the*research*advocates*the*
use*of*higher*resolution*in#vivo*imaging*modalities*to*improve*the*accuracy*of*
haemodynamics,*plaque*characterisation*and*hence*the*predictability*of*plaque*
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evolution* to* be* able* to* develop* better* treatment* strategies* and* prevent* the*
occurrence*of*an*often*fatal*clinical*event.*
**!
 !
4.2$$Future$Work$
*
The*work*presented*in*this*thesis*can*be*extended*in*various*ways*to*improve*
the*strength*of*the*findings*or*complement*the*work*as*discussed*below.*
*
Firstly,*although*this*work*has*made*a*positive*contribution*to*atherosclerosis*
research,* future*studies*should*address*some*of* the* limitations.*An* important*
factor* in*both* studies*presented*was* the* reconstruction*of* arteries*of* interest*
from*in#vivo*medical*images*to*facilitate*serial*studies*in*both*animal*models.*In*
the* mice,* this* is* the* first* time* in# vivo* microCCT* based* computational* flow*
modeling* was* used* to* study* the* development* of* atherosclerotic* plaques.*
However,* the* technological* development* of* small* animal* imaging*modalities*
like*microCCT*and*microCMRI*along*with*specialised*contrast*agents*will*only*
help* to* achieve* higher* resolution* (and* quality)* in# vivo* images* and* flow*
measurements,* with* shorter* scan* times* allowing* shorter* radiation* exposure*
times,*allowing*animals* to*be*scanned*faster*and*over* longer*study*durations.*
This*would* further*enable*higher*accuracy* to*be*achieved* in*quantifying* flow*
fields* and* WSS* distributions,* providing* further* useful* insights* into* the*
development*of*atherosclerosis.*
*
Secondly,*the*effect*of*certain*CFD*modeling*assumptions*could*be*addressed.*
Although*wall*shear*has*been*largely*studied*in*relation*to*the*development*of*
atherosclerosis,*mechanical* factors* like*wall* stresses*might* also*play* a* role* in*
influencing*endothelial*cell*responses*leading*to*the*development*and*rupture*
of*vulnerable*plaques*(Pedrigi*et*al.,*2014).*The*studies*presented*here*did*not*
take*into*account*the*compliance*and*pulsatility*of*the*walls.*The*placement*of*
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a*rigid*perivascular*cuff*used*in*the*mouse*study*could*influence*wall*stresses*
and* strains,* and* further* affect* shear* magnitudes.* The* use* of* Fluid* Structure*
Interaction* (FSI)*modeling*would* allow* the* effect* of* wall*motion* and*multiC
component* plaque* features* in* relation* to* fluid* flow* to* be* studied,* providing*
stress/strain*distributions*and*coupled*shear*distributions*to*identify*highCrisk*
regions* and* subsequently* provide* a* deeper* understanding* of* the* disease*
mechanisms.* However,* the* challenge* in* such* studies* is* the* imposition* of*
individual*material*properties* characterising* tissue* stiffness,*which* is*difficult*
to*measure* in# vivo.*However,* the*histology*data*available* in*the*mice*and*the*
IVUS*and*histology*data*in*the*pigs*can*be*employed*to*reconstruct*the*arterial*
walls*and*estimate*material*stiffness*based*on*plaque*morphology*to*make*such*
studies*possible*in*the*near*future.*
*
Thirdly,*the*current*studies*have*analysed*the*coClocalisation*of*various*metrics*
of*flow*with*atherosclerotic*plaques*based*on*selected*biomarkers*such*as*lipids*
and*macrophages*accumulating*in*these*lesions.*However,*in*our*mouse*model,*
the*developed*platform*can*be*extended*to*investigate*the*signaling*pathways*
involved* in* dysfunctional* endothelial* cell* behaviors* that* underlie* plaque*
development.* Currently,* the* spatial* and* temporal* dynamics* of* a* number* of*
transcription*factors* including*KLF2,*KLF4*and*NFCkB*is*being*investigated*in*
our*group.*Additionally,*the*coClocalisation*analysis*performed*can*be*used*to*
identify*dysfunctional*endothelial*cells*from*disturbed*flow*regions*for*further*
genomic* studies.* Such* studies* could* help* decipher* old* and* new* mechanoC
sensitive* signalling* pathways* in* endothelial* cells* to* rationally* identify* new*
targets*for*intervention*of*the*treatment*of*atherosclerosis.*
* *
Similarly,* in*our*pig*model*presented*herein,*the*platform*can*be*extended*to*
correlate* metrics* of* perturbed* flow* with* alternative* plaque* components.*
Currently,* although* the* current* overlap* analysis* described* was* limited* to*
macrophages* as* the* biomarker* of* choice,* various* other* stains* are* being*
performed*for*plaque*components*such*as*M1*macrophage*markers*(cathepsin*
S),* M2* macrophage* markers* (CD* 163),* calcium* deposits* (haemotoxylin* and*
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eosin)*and*collagen*(picrosirius*red).*More*importantly,*we*can*use*these*stains*
to*better*characterise*the*type*of*plaque*and*see*how*different*plaque*types*coC
localise* to* different* metrics* of* perturbed* shear,* possibly* providing* further*
insight*into*the*mechanobiology*of*atherosclerosis.*
*
In* a* broader* scope,* the* developed* platform* can* be* extended* to* a* number* of*
different*settings.*Specifically,*it*can*be*extended*to*current*and*future*mouse*
models*of*atherosclerosis*or*various*other*disease*models.*Additionally,* it*can*
be*applied*to*quantify*plaque*distribution*with*maps*of*flow*related*metrics*in*
any* part* of* the* vasculature,* as* has* been* shown* in* the* pig* coronaries* in* this*
thesis.* In* particular,* branches* can* be* added* to* pig* coronaries* studied* herein*
and* data* can* be* reCanalysed* to* assess* the* effect* of*major* bifurcations* on* the*
flow*metrics*and*subsequently*their*correlations*with*plaque*markers.*Finally,*
with* the* advent* of* imaging* and* computational* technologies,* it* would* be*
interesting* to* combine* higher* resolution* imaging* and* faster* fluid* dynamics*
simulations* to* translate* such* studies* into* humans.* This* would* ultimately*
enable* detailed* in# vivo* characterisation* of* various* plaque* types* and* their* coC
localisation*with*the*best*predictive*metrics,*allowing*clinicians*to*make*betterC
informed* decisions,* faster,* and* provide* highly* patient* specific* treatment*
strategies.*We*are*getting*there,*but*are*not*there*yet.*
$
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Appendix((A$
Supplemental$Data$for$Chapter$2$
$
Capillary$Phantom$Validation$$
$
Figure*79* shows*a*CT* image*of* the*capillary*phantom*with*7* capillaries* filled*
with* varying* dilutions* of* contrast* agent* Ultravist* 370.* The* capillaries* were*
successfully* reconstructed* and* measured* internal* diameters* and* percentage*
differences* are* shown* in* Table* 20.* The* measurements* are* the* mean* of* 5*
measurements* made* for* each* reconstructed* model* of* the* capillary.* The*
capillaries* closest* to* the* murine* carotid* artery* diameters* (0.5mm)* had* a*
measured*percentage*difference*of*between*0.4*and*8.68%.*
*
!
Figure*79:*CT*slice*showing*the*7*capillaries*with*varying* intensities*owing*to*
the*variations* in*contrast* agent*dilutions* to*mimic* the*variabilities* seen* in* in#
vivo*microCCT*datasets.*
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Table*20:*Percentage*difference*in*diameter*measurements*for*capillary*model*
reconstructions.*
Capillary$
Known$ Internal$
Diameter$$$$$
(mm)$
Dilution$
Ratio$
Measured$
Internal$
Diameter$
(mm)$
Percentage$
difference$(%)$
1* 1.5* 1:2* 1.584* 5.96*
2* 1.5* 1:2* 1.559* 3.93*
3* 1* 1:2* 1.047* 4.7*
4* 1* 1:3* 1.066* 6.62*
5* 0.5* 1:2* 0.502* 0.4*
6* 0.5* 1:3* 0.5216* 4.32*
7* 0.5* 1:4* 0.5434* 8.68*
*
*
$
3D$Artery$Phantom$
*
The* 3D* artery* phantom* was* successfully* constructed,* imaged* and*
reconstructed* (Figure* 80).* The* diameters* for* all* 24* model* variations* were*
compared* between* the* original* and* reconstructed* models* and* percentage*
errors*were*calculated*and*are*shown*in*Table*21.*The*errors*ranged*from*1.82%*
for* a* combination* of* 0.01* smoothing* units* and* 75* iterations* to* 5.2%* for* 0.02*
smoothing* units* and* 100* iterations.* Based* on* the*measurements*made* on* all*
the*24*model*variations,*smoothing*units*and*iterations*for*the*in#vivo*murine*
carotid*artery*reconstructions*were*used*such*that*the*dimensional*errors*were*
below*3%;*typically*a*combination*of*0.03*units*and*100*iterations*was*used.*
*
*
*
*
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Figure*81:*3D*model*of*the*phantom*with*‘lumen’*diameter*of*3.5*mm.*
Phantom*
Value)) 0.008) 0.009) 0.01) 0.02) 0.03) 0.04)
IteraFons)
75)
100)
200)
300)
Measured(((=(3.51(mm*
Post)–)Smoothing)Diameter)measurements)
Solidworks*
*design*
Rapid**
Prototyping*
Raw*CT*image**
Ini6al**
Segmenta6on*
3D*
Reconstruc6on*Figure!80:!Workflow!for!3D!artery!phantom!design!to!reconstruction.!
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Table*21:*Measured*diameters*and*percentage*difference*for*24*model*
variations.*
Smoothing$
Unit$ Iterations$
Measured$
Diameter$(mm)$
%$
Difference$
0.008* 75* 3.579* 2.21*
0.008* 100* 3.589* 2.48*
0.008* 200* 3.587* 2.43*
0.008* 300* 3.584* 2.34*
0.009* 75* 3.606* 2.94*
0.009* 100* 3.595* 2.64*
0.009* 200* 3.602* 2.83*
0.009* 300* 3.587* 2.43*
0.01* 75* 3.565* 1.82*
0.01* 100* 3.577* 2.15*
0.01* 200* 3.582* 2.29*
0.01* 300* 3.584* 2.34*
0.02* 75* 3.653* 4.19*
0.02* 100* 3.692* 5.20*
0.02* 200* 3.635* 3.71*
0.02* 300* 3.627* 3.50*
0.03* 75* 3.622* 3.37*
0.03* 100* 3.594* 2.62*
0.03* 200* 3.636* 3.74*
0.03* 300* 3.626* 3.47*
0.04* 75* 3.657* 4.29*
0.04* 100* 3.621* 3.34*
0.04* 200* 3.656* 4.27*
0.04* 300* 3.611* 3.07*
*
*
$
*
*
*
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Table* 22:* Mouse* Weights* (in* gms)* of* animal* group* A* during* in# vivo*
experiments.*
*
*
**
*
Table* 23:* Mouse* Weights* (in* gms)* of* animal* group* B* during* in# vivo*
experiments.*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
MOUSE&
WEEK&0& WEEK&3& WEEK&7& WEEK&9&
SURGERY& M1& M2& M3& M4& M5&
A1# 20.7# 20.7# 20.9# 23# 20.4# 23.1#
A2# 21.2# 21.4# 19.8# 22.2# ,# ,#
A3# 21# 23.3# 22.5# 24.1# 22.4# 25.7#
A4# 21.5# 24.2# 23.9# 24.9# 24.4# 26.5#
A5# 18.4# 20.1# 19.5# 19.2# ,# ,#
A6# 19.2# 20.5# 20.7# ,# ,# ,#
C1# 20.9# 23#
MOUSE&
WEEK&0& WEEK&5& WEEK&6& WEEK&8& WEEK&9&
SURGERY& M1& M2& M3& M4& M5& M6&
B1# 22.1# 20.1# 22.2# 20.8# 21.4# 21.6# 21.1#
B2# 22.4# 23# 21.7# 20.6# 21.7# 22.3# 22.6#
B3# 20.7# 21# 22.8# 20.8# 22.2# 21.2# 22.2#
B4# 20.1# 20.2# 21.7# 19.9# 20.6# 21.5# 19.7#
B5# 21.4# 22.2# 21.6# 21.6# 21.4# 21.1# 20.4#
B6# 20.7# 21.1# 22# 20.3# 20.2# 20# 20.5#
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*
Mesh$Independence$Study$$
$
To* minimise* the* computational* resources,* mesh* independence* was* checked*
between*two*meshes*made*for*the*same*cuffed*artery*geometry*reconstructed*
from*animal*B5.* *The*mesh*edge* length*was* lowered* from*Mesh* 1* in*order* to*
approximately* double* the* number* of* mesh* elements* in* the* volume* and*
subsequently* the*wall* nodes* in*Mesh* 2.*Using* the* same*boundary* conditions*
for*both*meshes,*pulsatile*simulations*were*performed*and*WSS*was*exported*
every*10*time*steps.**The*TAWSS*was*calculated*over*both*meshes*and*further*
circumferentially*averaged*over*small*segments*of*0.1*mm*along*the*length*and*
plotted* along* the* vessel* centerline* (Figure* 82).* The* percentage* error* was*
calculated* between* the*mean*TAWSS* of* both*meshes* and*was* found* to* be* C
0.116%*(Table*24).*Thus,*even*though*Mesh*1*had*half*the*number*of*wall*nodes*
and* tetrahedral*volume*elements*as*Mesh*2,* the* solution*achieved*was*under*
acceptable* tolerance* and* hence*Mesh* 1*was* selected* for* the* final* simulation.*
Mesh* parameters* were* then* extended* for* most* geometries* due* to* the*
consistency*in*dimensions.*
$
*
Table*24:*Mesh*Elements*and*circumferentially*averaged*TAWSS**
MOUSE$
CUFFED$$ $Elements$
Circum.$Avg.$TAWSS$(Pa)$
ARTERY$ Min$ Mean$$ Max$
Mesh1* 388666** 2.268* 9.675* 92.044*
Mesh2* 753459** 2.276* 9.664* 90.781*
$
$
! 269!
!
Figure* 82:* TAWSS* along* the* vessel* centerline* shows* a* good* overlap* for* both*
meshes.* A* sharp* increase* in* seen* in* both* curves* at* the* throat* of* the* cuff*
followed* by* relatively* low* wall* shear* throughout* the* rest* of* the* artery.* The*
percentage*error*between*the*mean*TAWSS*of*both*meshes*was*0.116%.*
*
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Appendix(B*
$
Supplemental$Data$for$Chapter$3$
$
WSS$error$quantification$
*
As*mentioned*in*section*1.5.1,*according*to*the*Hagen*Poiseuille*equation,*wall*
shear*stress*(τs)*is*inversely*proportional*to*the*third*power*of*the*vessel*radius*
(!):*
τs*∝*
!!!******
*
This*suggests*that*the*percentage*error*in*the*predictions*of*wall*shear*stress*is*
three*times*that*of*the*radius*measurement.*The*radius*measurement*depends*
on* the* resolution* of* the* imaging* modality* (OCT)* and* the* change* in* vessel*
radius*over* the*cardiac*cycle.*The* latter*was*measured*as*a* function*of*vessel*
area* fluctuations* recorded* over* approximately* five* cardiac* cycles* without*
catheter*pullback.* Fluctuations*of* 1*mm2* around* an* average* area*of* 16.5*mm2*
were* found* (Figure*83),* corresponding* to*an*approximate*percentage*error* in*
vessel* area* of* 6%* and* in* vessel* radius* of* 3%.* * Clinical* OCT* systems* have* a*
spatial* resolution* of* ~15* micron.* Percentage* errors* for* different* vessel* sizes*
observed*in*this*study*based*on*this*resolution*are*calculated*below*(Table*25).*
*
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Figure*83:*Fluctuation*in*vessel*area*due*to*cardiac*motion.*
*
*
*
Table*25:**Percentage*errors*in*varying*lumen*diameters*based*only*on*OCT*
resolution.*
Lumen$Diameter$$ %$Error$
Small%.%1.5%mm% 1.0%
Average%.%2.5%mm% 0.6%
Large%.%3.5%mm% 0.43%
*
Combining*both*errors*for*OCT*measurements,*the*RMS*error*for*the*largest*
and*smallest*diameters*range*are* 0.43! + 3!*=*3.03%*and* 1! + 3!*=*3.16%*
respectively.**
*
The* likely*percentage*errors* in*wall* shear* stress*measurements*based* is* three*
times* that* of* the* radius.* This* corresponds* to* an* error* due* to* OCT* based*
reconstructions* and* cardiac* motion* for* small* and* large* coronary* arteries* of*
9.09%*and*9.48%*respectively.*
*
*
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*
*
Mesh$Independence$Study$
*
Mesh* independence* was* investigated* in* a* representative* stented* artery* from*
pig*5298.**Two*meshes*were*made*for*the*same*geometry;*Mesh*1*and*Mesh*2.**
The* number* of* tetrahedral* elements* was* roughly* doubled* between* the* two*
meshes* by* altering* the* maximum* mesh* edge* length.* Transient* simulations*
were*run*on*both*meshes*without*altering*any*parameters*and*the*TAWSS*was*
circumferentially* averaged* over* 0.15* mm* segments* of* the* artery* and* plotted*
along* it’s* length* (Figure*84).*The*mean*TAWSS*dropped*by*0.136%*when* the*
elements*were*doubled*(Table*26).*Hence,*mesh*1*was*selected*as*it*had*half*the*
number*of*elements*of*mesh*2,*hence*minimizing*the*computational*time*but*
achieving*the*same*solution.*
*
*
*
Table*26:*Mesh*Elements*and*circumferentially*averaged*TAWSS**
*
PIG$STENTED$$
$Elements$
Circum.$Avg.$TAWSS$(Pa)$
ARTERY$ Min$ Mean$$ Max$
Mesh1* 578063* 0.581* 3.672* 24.154*
Mesh2* 1077180* 0.583* 3.667* 24.023*
* * * * ** * *
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Figure*84:*TAWSS*curves* for*both*meshes* show*a* very*good*overlap* (error*=*
0.136%).*Note*the*sharp*increase*in*wall*shear*in*the*location*of*the*minimum*
lumen*diameter*in*the*stent.*
*
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Error$=$&0.136%$
$
! 274!
Appendix(C!$
Alternate$Approach$of$Threshold$Selection$and$Metric$Scaling$$
$
Two*important*limitations*that*must*be*acknowledged*in*this*thesis*are:*1)*the*
possibility*that*the*selection*of*the*threshold*(the*bottom*10%*of*the*range*of*
each* scaled* metric* in* this* case)* applied* to* all* shear* metrics* could* result* in*
varying* areas* of* the*metric* over*which* the* overlap* of* the* stain* is* quantified.*
This*might*have*led*to*a*bias* in*the*results* in*favour*of*the*shear*metric*with*
the* largest* area.* 2)* the*method*of* scaling* (normalizing)* the* different*metrics*
could* be* perceived* to* be* subjective* and* favour* one* metric* over* another.* In*
order*to*evaluate*these*postulates,*we*analysed*1*pig*over*all*time*points*using*
an*alternative*approach*of*threshold*selection.**Instead*of*using*the*10%*of*the*
normalized*metric*values,*we*used*a*threshold*that*removed*the*lowest*10th*and*
30th*percentile*of*the*actual*range*of*metric*values*for*each*shear*metric*as*the*
threshold,* such* that* the* areas* over* which* the* overlaps* are* quantified* are*
consistent* across* all* metrics.* Additionally* we* tested* three* different* scaling*
approaches*for*the*metrics*and*compared*the*results.*
*
*
We*found*that*by*using*the* 10th*percentile,*all* the*metrics*returned*very*high*
overlap*percentages*of*over*80%*through*time,*with*no*difference*between*the*
preCstent* baseline* (time* 0)* and* postCstent* configurations* (time* 0+,* 1* and* 2),*
suggesting* that* the* metrics* lose* their* ability* to* detect* the* flow* disturbance*
introduced*by*the*stenotic*stent*(Figure*85).**Additionally,*we*found*very*high*
overlaps* between* the* metrics* and* the* stains* at* time* point* 0* (preCstented*
configuration)* when* there* is* no* disease* or* complex* flow,* hence* we* should*
expect*no*overlaps*at*this*time*point.*Finally,*there*were*very*small*differences*
between*the*different*metrics*and*thus*no*metric*could*be*classified*as*having*
better* predictive* capabilities* over* another.*When*using* the* 30th* percentile* as*
the* threshold,* similar* results* were* obtained,* though* at* lower* percentage*
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overlaps,* wherein* no* striking* differences* between* shear* metrics* were* seen.*
Here*too,*high*overlap*values*were*observed*at*the*baseline*time*point*and*the*
overlap* percentages* over* time* were* typically* between* 60%* and* 80%* for* all*
metrics.* These* results* suggest* that* the* differences* in* overlaps* seen* with* the*
original*method*were*a*result*of*the*different*areas*associated*with*each*shear*
metric.*
*
We* interpret* these* results* as* supporting* the* use* of* our* previous* approach*
where* the* threshold* was* set* at* the* bottom* 10%* of* the* range* of* each* scaled*
metric,*facilitating*the*use*of*the*same*threshold*across*the*metrics*to*exclude*
the*noise*and*enable*a*comparison*between*the*metrics.*With* the*alternative*
approach*of*using*percentiles,*although*the*areas*of*the*metrics*are*consistent,*
the*nodes*could*contain*noisy*or*null*values,*which*are*included*in*the*overlap*
analysis,*hence*producing*higher*overlaps*even*at* time*0.* In*order* to*exclude*
noisy* values* individually* from* each* metric,* different* percentile* thresholds*
might*be*necessary,*possibly*making*the*selection*of*thresholds*subjective*and*
biased.*In*contrast,*our*previous*approach*gave*us*very*low*overlaps*at*baseline,*
except*for*TAWSS,*as*expected*due*to*the*lack*of*disease*and*multidirectional*
flow*at*that*time*point.*Hence*the*10th*and*30th*percentile*approaches*made*the*
metrics* less* specific* and* hence* do* not* facilitate* a* comparison* between* the*
metrics*or*assist* in*understanding*the*predictive*capabilities*of* the*metrics*as*
the*overlaps* are* similar*over* time.*Moreover,* it*does*not* allow*assessment*of*
the* flow* disturbance* created* by* the* shearCmodifying* stent,* which* we*
hypothesize*as*causing*the*development*and*acceleration*of*disease.*
*
Finally,* to* test* if* the* scaling* (normalizing)*of* the*different*metrics*affects* the*
results,* we* tested* three* different* scaling* approaches,* 1* –* normalizing* by* the*
maximum*in*that*vessel*(VesselMax),*2*–*normalizing*by*the*maximum*across*
all* pigs* (AllMax)* and* 3* –* normalizing* by* the* theoretical* maximum* for* that*
metric* (TMax)*as*seen* in* the* figures.*For*our*previous*analysis,* in*most*cases*
TMax*was*used*to*normalize*the*metrics,*except*for*TAWSS,*where*VesselMax*
was* used.* The* approach*we* previously* used* for* each*metric* is* shown* as* the*
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black*trend*in*the*graphs.*The*other*two*approaches*are*in*grey.*As*can*be*seen*
from*figure*86,*the*different*scaling*approaches*do*not*affect*the*results,*except*
in* the* case* of* the* TAWSS* and* transWSS* metrics.* * When* TAWSS* was*
normalized* by* either* the* TMax* or* AllMax,* we* found* an* overlap* of* 0* as* the*
metric*was*scaled*by*a*very*high*value*(highest*TAWSS*occurring*in*the*stent).*
In*the*case*of*the*transWSS*metric,*normalizing*by*AllMax*produced*the*same*
trend* as* our* previous* approach,* however* with* lower* overlap* values.*
Additionally,* normalizing* transWSS* by* VesselMax* produced* high* overlap*
values*at*baseline*and* increasingly* lower*values*postCstenting,* thus*producing*
counter* intuitive*results*as*we*would*expect*a* lack*of*multidirectional* flow*at*
baseline,* and* an* increase* in* the* multidirectionality* with* increasing* stenosis*
severity*over*time.*These*results*suggest*that*our*initial*approach*of*using*the*
TMax*of*the*TAWSS*to*scale*transWSS*was*optimal,*although*the*metric*is*now*
a* variation* of* the* transWSS* called* tSS* because* it* was* scaled* by* a* different*
amount* at* each* point.*Overall,* the* comparison* between* the* different* scaling*
approaches*strongly*suggest*that*the*original*method*of*scaling*was*optimal.**
*
*
*
*
*
*
*
*
*
*
*
*
)
)
)
)
)
! 277!
)
)
)
)
Fig$85$–$10th$and$30th$percentile$thresholds$for$all$metrics$
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Fig$86:$The$different$scaling$approaches$tested$for$all$metrics$
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Moreover,*an*additional*analysis*was*performed*in*5*mice*(Fig*87C91,*one*
figure* per* mouse)* at* different* time* points* using* two* different* thresholding*
approaches* for* the*normalization*of* the*metrics.*This* test*was*performed* for*
two*metrics,* the*original* (raw)* transWSS*(normalized*by* its*maximum*across*
all*mice)*and*a*variation*of* the* transWSS,*called* tSS* i.e.* the* transWSS*metric*
normalized*by*the*TAWSS*at*each*point).**
We* found* that* the*patterns*of* the* shear*metrics* after* thresholding* (in*
red)*were*usually*very*similar* in*the*region*downstream*of*the*cuff* (although*
differences*observed*in*figure*88*and*89)*and*the*mean*node*counts*of*the*two*
metrics* were* not* statistically* different* (941±429* versus* 753±538,* p=0.56).*
Importantly,*the*primary*region*of*interest*in*the*mice*is*the*region*upstream*
of*the*cuff,*i.e.*the*location*of*vulnerable*plaque*development,*where*the*shear*
metrics* had* negligible* or* very* low* values* in* this* region* using* either* of* the*
normalization* approaches.* These* results* suggest* that* there* is* no* bias* in* the*
overlap* results* due* to* the* areas* of* the*different* shear*metrics,* particularly* in*
our*regions*of*interest*i.e.*upstream*of*the*cuff*in*the*mice,*and*downstream*of*
the* stent* in* the* pigs,* the* regions* of* advanced* rupture* prone* plaque*
development.)
)
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Fig*87**C*Similar*thresholded*patterns*resulting*from*both*normalisation*and*
thresholding*approaches.*
*
*
*
Fig*88**C*Similar*thresholded*patterns*resulting*from*both*normalisation*and*
thresholding*approaches.**
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*
*
Fig*89**C*Similar*thresholded*patterns*resulting*from*both*normalisation*and*
thresholding*approaches.**
*
*
*
Fig*90*C**Similar*thresholded*patterns*resulting*from*both*normalisation*and*
thresholding*approaches.**
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*
Fig*91**C*Similar*thresholded*patterns*resulting*from*both*normalisation*and*
thresholding*approaches.**
$
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